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The mass burial of dinosaur bone fossils in the Late Cretaceous Wangshi Group in Zhu-
cheng, Shandong Province has been a research focus in recent years. However, the prov-
enance of the dinosaur bone fossils and the accurate depositional age of the bone beds
remain ambiguous. Through UePb dating of detrital zircons collected from six conglom-
erate samples from the dinosaur bone beds, we found that the youngest single grain age
(YSG) of sample 090414-24-D was 77.3 Ma, representing the maximum depositional age of
the dinosaur fossil beds and sediments. This also indicates that the Hongtuya Formation
was deposited during the Campanian. Dating results revealed an age peak of 120e110 Ma,
which corresponds with the peak age of volcanic rocks of the Lower Cretaceous Qingshan
Group. The volcanic rocks of the Qingshan Group are mainly exposed in Laiyang, to the
north of Zhucheng, although a few also appear to the south and northwest. Through
analysis of conglomerate composition and palaeocurrents in the sediments containing the
bone beds, we found that the three different data sets of gravel compositions of the con-
glomerates were mainly composed of volcanic or pyroclastic rocks. Three different data
sets of palaeocurrents suggested that the main sediment source of the Wangshi Group
dinosaur bone beds was from the northnorthwest of the Basin. Only one data set had a
provenance south of the basin. This study revealed that the areas of Laiyang and the Yishu
Fault Zone were the main provenance areas of both the dinosaur bone fossils and the
sediments of theWangshi Group in Zhucheng. The southern margin of the Zhucheng Basin
may be a secondary source area. This research provides an important basis for judging the-W. Kuang), liuyongqing@cags.ac.cn (Y.-Q. Liu).
niversity of Petroleum (Beijing).
of Petroleum (Beijing). Production and hosting by Elsevier B.V. on behalf of China University
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Detrital zircon dating and tracing the provenance of dinosaur bone beds 73deposition time and the sediment source of fossil layers in the Wangshi Group, as well as
reconstructing the palaeogeography of the Wangshi Group in the Jiaolai Basin.
Copyright© 2016 China University of Petroleum (Beijing). Production and hosting by Elsevier
B.V. on behalf of China University of Petroleum (Beijing). This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Large quantities of dinosaur bone and egg fossils have been
found in the Upper Cretaceous strata, but previous research
has concentrated mainly on the taxonomy and taphonomy
of the dinosaur fossils. Few studies have focused on
determining the accurate depositional age of the dinosaur
bone beds. Cretaceous strata are well-developed in East
Shandong (Song, 2008). Not only were dinosaur tracks
found in the Lower Cretaceous Laiyang and Qingshan
Groups (Li et al., 2005, 2008, 2011, 2015; Xing et al., 2010,
2012; Xu et al., 2013; Kuang et al., 2013a), but dinosaur
bone and egg fossils were also found in the Upper Creta-
ceous Wangshi Group (Yang, 1954; Hu, 1973; Hu et al., 2001;
Zhao et al., 2007; Liu et al., 2010; Xu et al., 2010; Hone et al.,
2011; Kuang et al., 2013b, 2014). The Wangshi Group was
mainly composed of alluvial fan facies, where abundant
dinosaur bones were buried in debris flow sediments (Liu
et al., 2010, 2011).
Many previous studies involving dinosaur palaeontology,
including taxonomy (Yang, 1954; Hu, 1973; Hu et al., 2001; Zhao
et al., 2007; Ji, 2010; Xu et al., 2010; Hone et al., 2011), taphonomy
(Liu et al., 2009, 2010, 2011; He et al., 2012; Kuang et al., 2013b,
2014), etc., have been carried out on the dinosaur fossils in
the Zhucheng Basin, and important progress has been made.
New potassiumargon (KAr) and ArAr geochronology re-
sults have also been obtained for the upper portion of the
strata containing dinosaur fossils. Meng et al. (2006) used a
whole-rock KAr method to determine the age of the Hon-
gtuya Formation, and found that the age of the Zhucheng
basalt is 76.2 ± 1.6 Ma. Yan et al. (2003) found, from the basalt
40Ar39Ar geochronology, that the Daxizhuang basalt of the
Upper Hongtuya Group was aged at 73.5 ± 0.3 Ma. Basalt
samples were collected from the top of the Hongtuya Forma-
tion in the Wangshi Group, but dinosaur fossils were mainly
found at the bottom of this formation in the Zhucheng Basin.
Thus, it is still not clear whether or not the basalt ages
(76e73 Ma) are consistent with the time of the bone burial.
Previous studies have described the dinosaur fossils as
allochthonous deposits (He et al., 2012; Kuang et al., 2014). But
where did the dinosaur bone fossils and their host sediment
come from? Previous work based on the preferred orientation
of dinosaur bones and gravels of conglomerates suggested
that the sediment provenances were uplifts of the Jiaolai
Basin, located either to south or north (He et al., 2012; Kuang
et al., 2014). However, further systematic geological evidence
is needed.
So far, nearly 8000 dinosaur fossils have been discovered in
Kugou, Longgujian, Xijiantun and Zangjiazhuang, to the
southwest of Zhucheng City. More than 3000 dinosaur fossilswith different sizes and a random arrangement were discov-
ered in the Kugou Section, which is only about 300 meters'
long. The abundance of Upper Cretaceous dinosaur fossils
in the Zhucheng area is a global rarity. The buried dinosaur
groups can be analogized with those buried in other parts of
Asia and North America during the Late Cretaceous (Kuang
et al., 2014). The importance and scientific significance of
the dinosaur fossils of the Wangshi Group in the Zhucheng
Basin are self-evident. Although previous studies on the
palaeontology, taxonomy, taphonomy, etc., have made
substantial progress (Hu, 1973; Hu et al., 2001; Zhao et al.,
2007; Liu et al., 2010; Kuang et al., 2014), there is still a lack
of sufficient data to constrain the burial age of the fossil
layer.
Detrital zircon geochronology has been used to constrain
the depositional age of host sediment and reconstruct prov-
enance (Nelson, 2001; Dickinson and Gehrels, 2009; Jones et al.,
2009; Gehrels, 2011, 2014; Xie et al., 2012; Tucker et al., 2013;
Fang et al., 2015). This is an important and effective means
of basin analysis, especially in the study of provenance. This
paper, based on dating data of detrital zircons collected from
six conglomerate samples from dinosaur bone beds in the
Zhucheng Basin, combined with gravel composition and
palaeocurrent data, aims to constrain the age of deposition of
the dinosaur fossil layers and judge the provenance of the
Wangshi Group. The findings may also provide essential data
about Cretaceous palaeogeographic evolution and dinosaur
taphonomy in the Jiaolai Basin.2. Geological setting
Shandong Province is located in the eastern part of the North
China Craton (NCC; Fig. 1a). The TanchengLujiang (TanLu)
Fault Zone, called the Yishu Fault Zone in Shandong, sepa-
rates the region into East and West Shandong. The Jiaolai
Basin is located in the East Shandong area in the eastern part
of the North China Craton. It is a late Mesozoic extensional
faulted basin (Dai and Lu, 1995; Shi et al., 2003; Zhang et al.,
2008). To the south of this basin is the Sulu Orogenic Belt or
Sulu Terrane, and to the north is the Jiaobei Terrane (Fig. 1b).
The formation and development of the basin were controlled
by strikeeslip and pulleapart activities of the north-
northeast (NNE)-trending Tanlu and MoupingJimo Faults
(Zhang et al., 2003, 2007, 2008; Zhu et al., 2012). The basement
of the basin consists of Archean and Proterozoic rock. The
sedimentary cover is mainly composed of Cretaceous, Paleo-
gene, and Quaternary deposits. An angular unconformity
marks the boundary between the basement and the sedi-
mentary cover (Shi et al., 2003). The Cretaceous is mainly
Fig. 1 e Location of the Zhucheng Basin in East Shandong and its regional geologic-tectonic-sedimentary characteristics. (a)
First-order tectonic units of the crustal continent and the location of Shandong Province; (b) Sketch geologic map and
distribution of Cretaceous igneous rocks in East Shandong; (c) Stratigraphy and sedimentary characteristics of the
Zhucheng Basin (modified from Zhang et al., 2003).
74 W.An et al.composed of the Lower Cretaceous Laiyang Group, the Qing-
shan Group, and the Upper Cretaceous Wangshi Group (Liu
et al., 2010, 2011).
Magmatism in Shandong is well developed. Mesozoic
magmatic activities, especially Cretaceous magmatic activ-
ities, were most strongly developed in the eastern Shandong
area. Development in the western Shandong area was rela-
tively weak in comparison; the differences in the magmatismbetween the two areas are considerable (Song, 2008). Fig. 1b
shows the distribution of igneous rocks in Shandong
Province.
The Zhucheng Basin is located in the south of the Jiaolai
Basin, controlled by the Baichihe andWulian Faults (Fig. 1b and
1c). The basin is mainly filled with Cretaceous to Cenozoic
strata (Shi et al., 2003; Song, 2008; Fig. 1c). The Cretaceous strata
in the Jiaolai Basin, from the bottom to the top, consist of the
Fig. 2 e Stratigraphic section from Zhucheng, East Shandong, showing the lower Hongtuya Formation of theWangshi Group
and sample sites (Modified from Kuang et al., 2014; He et al., 2015). Stratigraphic column colors correlate to different outcrop
localities (Song et al., 2002).
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Fig. 3 e Sedimentary characteristics of dinosaur fossil layer in the Upper Cretaceous Wangshi Group, Zhucheng,
East Shandong. (a), (c) and (d)dFlooding plain deposits, composed of muddy and pebble sandstones; and debris flow
deposits, composed of grey green pebble sandy mudstones and calcareous sandy conglomerates; inverse grained
structure. (b)dHigh density dinosaur bones buried in debris flow deposits (DF¡Debris Flow; FP¡Flood Plain; SS¡Scour
Surface).
76 W.An et al.Lower Cretaceous Laiyang Group, the Qingshan Group, and the
Upper Cretaceous Wangshi Group. The characteristics of the
strata are shown in Fig. 2. Dinosaur fossils were mainly found
in the Hongtuya Formation (Liu et al., 2010, 2011; Kuang et al.,
2014) (Fig. 3). The lowermiddle part of the Hongtuya Forma-
tion is sandstone interbedded with conglomerate in an alluvial
fan and braided fluvial facies setting, with a small amount of
basalt on the top (Kuang et al., 2014; He et al., 2015) (Fig. 2).3. Samples and analytical methods
We combined detrital zircon geochronology with gravel
composition and palaeocurrent data to analyze sediments
containing dinosaur fossils, from the Hongtuya Formation of
the Wangshi Group in the Zhucheng Basin. Data on gravel
composition and palaeocurrents were collected from con-
glomerates in the dinosaur fossil layer and similar layers in
the Hongtuya Formation. In total, four groups of palae-
ocurrent data and three groups of gravel composition data
were collected. Detrital zircons were separated from six
samples of sandstones from the dinosaur bone beds in the
Hongtuya Formation (Fig. 2). Four samples, 090414-2-D,
090414-5-D, 090414-24-D, and 090414-25-D, were collected
from a section in KugouLonggujian (N 355502600, E
1191902600), sample 090413-4-D was collected fromZangjiazhuang (N 355603600, E 1192000000), and sample 090415-
D was collected outside Kugou (N 355501800, E1191903300).
Zircons were separated from crushed conglomerate
samples using electromagnetic and heavy liquids separation.
Zircon grains were then hand-picked and mounted on ad-
hesive tapes, enclosed in epoxy resin, and polished down to
nearly half their thickness to expose internal structures. The
internal structures of the zircon grains were then studied
using cathodoluminescence (CL) imaging (Fig. 4). The tar-
geting of detrital zircons and CL imaging were carried out at
the Beijing Sensitive High Resolution Ion Microprobe
(SHRIMP) Center, at the Chinese Academy of Geological Sci-
ences. UePb dating of zircon was conducted by LAICPMS
at the National Research Center for Geoanalysis, also at the
Chinese Academy of Geological Sciences. The analytical in-
struments used were the MCICPMS Thermo Element II
with the NewWave UP213 laser ablation system. Heliumwas
used as the carrier to adjust the sensitivity of the laser
ablation system. The frequency was 10 Hz, the diameter of
the spot beam was 30 mm, and the energy density was
12e13 J/cm2. The laser ablation system used single-point
erosion. Zircon 91500 was used as the external standard for
UePb dating, and zircon M257 was used as the external
standard for correcting the content of U and Th. The con-
centrations and ratios of U, Th, Pb, and other elements, were
calculated using the Geochemical Evolution and Metallogeny
Fig. 4 e CL images of dated zircons and analyzed points from the Hongtuya Formation of the Wangshi Group in the
Zhucheng Basin.
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Geochronology Center's Isoplot 3.0 program was used to
make Concordia diagrams and weighted mean age calcula-
tions, with detailed analytical procedures given in Horn et al.
(2000) and Yuan et al. (2004). 206Pb/238U ages are generally
more precise for younger ages, whereas 206Pb/207Pb ages are
more precise for older ages. Therefore, we used 206Pb/238U
ages for samples aged <1000 Ma, and 206Pb/207Pb ages if the
obtained 206Pb/238U ages were >1000 Ma. The results were
reported with 1 sigma error. In the data interpretation, zircon
ages with 90%e110% concordance were considered to be
reliable.4. Zircon UePb dating results
A total of 536 analyses were performed on zircon grains from
six samples, and 362 had a concordance ranging from 90% to
110% (Fig. 5; see Appendix for analytical data). The obtained
zircon grains are transparent to translucent. Most of the
zircon grains are long columnar, with a euhedral or sub-
hedral shape. The aspect ratios are about 2:1e3:1. Most of the
zircon grains are angular to subangular. CL images reveal
that most of the prismatic zircons possess simple oscillatory
zoning (Fig. 4), which indicates that they were derived from
igneous sources. The Th/U values of the magmatic zircon
Fig. 5 e UePb age concordant plots from the Hongtuya Formation of the Wangshi Group in the Zhucheng Basin.
78 W.An et al.were generally >0.4, while the Th/U value of the meta-
morphic zircons was <0.1 (Wu and Zheng, 2004). The Th/U
values of the 536 analyses were all >0.1, and most were >0.4,
which also indicates that most of them were derived from
igneous sources.Six samples yielded ages between ~2623e60 Ma,
composed of five natural age intervals of 80e60 Ma,
190e95 Ma, 420e200 Ma, 785e550 Ma, and 2650e1300 Ma. The
peak age of the six samples appears to be between
130e100 Ma (Fig. 6).
Fig. 6 e Cumulative probability of UePb zircon ages from theHongtuya Formation of theWangshi Group in the ZhuchengBasin.
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Zircons from sample 090413-4-D were separated from sand-
stone collected in Zangjiazhuang (Fig. 2). Excluding the
discordant data, we collected 57 groups of valid data from this
sample. The zircons are granular and columnar, with lengths
110.0 mm150.0 mm and widths ~120.0 mm (Fig. 4). Their Th/U
ratios, except the individual points, are between 0.3 and 8.8.
They are mainly magmatic zircons. The youngest single grain
age (YSG) of this sample is 68.9Ma. The cumulative probability
plots show a major age population at 132.4e105.0 Ma and the
peak age of the zircons is 115.2 Ma (Figs. 5 and 6). It also shows
three minor age populations at 336.0e200.0 Ma,
745.6e641.5 Ma and 2435.8e1778.9 Ma respectively (Fig. 6).
4.2. Sample 090414-2-D
Zircons from sample 090414-2-D were separated from the
sandstone collected in KugouLonggujian (Fig. 2). Excluding
the discordant data, we collected 64 groups of valid data from
this sample. The zircons are granular and columnar with
lengths 110.0 mm130.0 mm and widths ~100.0 mm (Fig. 4).
Their Th/U ratios, except the individual points, were between
0.4 and 3.2. They are mainly magmatic zircons. The youngest
single grain age (YSG) of this sample is 67.9 Ma. The cumula-
tive probability plots show a major age population at
128.7e100.8 Ma and the peak age of the zircons is 108.5 Ma
(Figs. 5 and 6). It also shows three minor age populations at
403.2e159.5 Ma, 765.7e554.1 Ma and 2505.8e1744.8 Ma
respectively (Fig. 6).
4.3. Sample 090414-5-D
Zircons from sample 090414-5-D were separated from the
sandstone collected in KugouLonggujian (Fig. 2). Excluding
the discordant data, we collected 53 groups of valid data from
this sample. The zircons are granular and columnar with
lengths 130.0 mm150.0 mm and widths ~130.0 mm (Fig. 4).
Their Th/U ratios, except the individual points, are between
0.4 and 6.7. They are mainly magmatic zircons. The youngest
single grain age (YSG) of this sample is 60.2 Ma. The cumula-
tive probability plots show a major age population at
125.8e100.2 Ma and the peak age of the zircons is 107.1 Ma
(Figs. 5 and 6). It also shows three minor age populations at
286.9e160.3 Ma, 656.8e630.5 Ma and 2485.6e1599.8 Ma
respectively (Fig. 6).
4.4. Sample 090414-24-D
Zircons from sample 090414-24-D were separated from
the sandstone collected in KugouLonggujian (Fig. 2).
Excluding the discordant data, we collected 60 groups of
valid data from this sample. The zircons are granular and
columnar, with lengths 100.0 mm140.0 mm and widths
~110.0 mm (Fig. 4). Their Th/U ratios, except the individ-
ual points, are between 0.4 and 7.8. They are mainly
magmatic zircons. The youngest single grain age (YSG) of
this sample is 77.3 Ma. The cumulative probability plots
show a major age population at 142.0e102.0 Ma and the
peak age of the zircons is 124.4 Ma (Figs. 5 and 6). It alsoshows three minor age populations at 419.4e363.5 Ma,
781.8e741.2 Ma and 2622.8e1785.9 Ma respectively
(Fig. 6).
4.5. Sample 090414-25-D
Zircons from sample 090414-25-D were separated from the
sandstone collected in KugouLonggujian (Fig. 2). Excluding
the discordant data, we collected 58 groups of valid data from
this sample. The zircons are granular and columnar with
lengths 120.0 mm140.0 mm and widths ~130 mm (Fig. 4). Their
Th/U ratios, except the individual points, are between 0.4 and
4.7. They are mainly magmatic zircons. The youngest single
grain age (YSG) of this sample is 95.4 Ma. The cumulative
probability plots show a major age population at
145.0e104.8 Ma and the peak age of the zircons is 113.8 Ma
(Figs. 5 and 6). It also shows three minor age populations at
348.9e158.3 Ma, 784.3e644.5 Ma and 2560.4 ~ 1743.0 Ma
respectively (Fig. 6).
4.6. Sample 090415-D
Zircons from sample 090415-D were separated from the
sandstone collected outside Kugou (Fig. 2). Excluding the
discordant data, we collected 70 groups of valid data from this
sample. The zircons are granular and columnar. Their lengths
are between 110.0 mmand 140.0 mmand their widths are about
130.0 mm (Fig. 4). Their Th/U ratios, except the individual
points, are distributed between 0.4 and 4.1. They are mainly
magmatic zircons. The youngest single grain age (YSG) of this
sample is 62.2 Ma. The cumulative probability plots show a
major age population at 137.2e97.7 Ma and the peak age of the
zircons is 112.9 Ma (Figs. 5 and 6). It also shows a minor age
population at 331.9e187.8 Ma and 2730.8e1803.2 Ma; and only
one zircon aged at 667.1 Ma (Fig. 6).5. Discussion
5.1. The maximum depositional age of the dinosaur
bone beds
Geochronology of detrital zircons is an effective way to
determine depositional age (Nelson, 2001; Dickinson and
Gehrels, 2009). The youngest zircon UePb ages in age pop-
ulations of detrital zircons are commonly used to constrain
the maximum depositional ages of stratigraphic units
(Dickinson and Gehrels, 2009). Through the study of detrital
zircons separated from sandstones collected from dinosaur
bone beds, Tucker et al. (2013) successfully constrained the
maximum depositional age of Australia's Late Cretaceous
dinosaur faunas within the Winton Formation.
Yan et al. (2003) studied ArAr chronology of basalt,
collected from the upper Hongtuya Formation in Dax-
izhuang, and obtained an age of 73.5 ± 0.3 Ma. Meng et al.
(2006) studied the KAr chronology of basalts, and ob-
tained a Jiaozhou basalt age of 71.9 ± 1.5 Ma and a Zhucheng
basalt age of 76.2 ± 1.6 Ma. Their basalt samples are all from
the top of the Hongtuya Formation. However, KAr
Detrital zircon dating and tracing the provenance of dinosaur bone beds 81chronology involves errors because of the inaccuracy in
measurement of the potassium content. The ArAr chro-
nology method measures only the argon content, so it does
not involve these errors, and is thus superior to KAr
chronology. Therefore, we suggest that it is appropriate to
use 73 Ma as the age of the upper boundary of the Hongtuya
Formation in the Upper Cretaceous Wangshi Group. As
mentioned before, previous studies obtained 73.5 ± 0.3 Ma
as the top boundary of the Hongtuya Formation. Dinosaur
bones are mostly buried in the lower Hongtuya Formation,
so the depositional age of the dinosaur bone beds must be
>73.5 Ma. This study used the geochronology (UePb age) of
the detrital zircon to constrain the maximum depositional
ages of the dinosaur bone beds.
Recent studies, including an investigation by Dickinson
and Gehrels (2009), have reassessed the various methodolo-
gies for ascertaining themaximumdepositional age, and have
highlighted the importance of utilizing several different ap-
proaches to obtaining the most accurate maximum deposi-
tional age of a sample. In this study, we compared four of the
most common metrics used to determine the maximum
depositional age of detrital zircon datasets (Table 1) (e.g., see
Dickinson and Gehrels, 2009; Tucker et al., 2013), including: (1)
the youngest single grain age (YSG); (2) the youngest graphical
detrital zircon age (YPP); (3) the weighted mean average age
(YC1s) (2þ); and (4) the weighted mean average age (YC2s)
(3þ).
As shown in Table 1, the YSGs of the six samples are
68.9 ± 1.32 Ma, 67.9 ± 1.35 Ma, 60.2 ± 2.03 Ma, 77.3 ± 1.54 Ma,
95.4 ± 2.16 Ma, and 62.2 ± 1.42 Ma; the YPPs were 69 Ma,
68 Ma, 65 Ma, 78 Ma, 97 Ma, and 62 Ma. Samples 090413-4-D,
090414-2-D, and 090415-D each had only one youngest zircon
age, which is 68.9 ± 1.32 Ma, 67.9 ± 1.35 Ma, and
62.2 ± 1.42 Ma, respectively. YC1s and YC2s could not be
calculated: they are all younger than 73Ma. Other ages are all
older than 100 Ma. Thus, these three ages cannot represent
the maximum depositional ages of the dinosaur bone beds.
In Sample 090414-25-D, only two zircon ages were relatively
young; they were 95.4 ± 2.16 Ma and 97.8 ± 2.58 Ma. However,
the concordances of the two ages were >110, so these data
were not sufficiently effective to be included in the discus-
sion. Two younger zircon ages, 60.2 ± 2.03 Ma and
64.6 ± 1.34 Ma, were found in Sample 090414-5-D. The YPP
was 65 Ma, younger than 73 Ma. This also cannot represent
the maximum depositional age of the dinosaur bone beds.
However, three younger zircon ages, 77.3 ± 1.54, 77.7 ± 1.52,Table 1 e Age comparisons of the youngest detrital zircons fro
Group in the Zhucheng Basin, eastern Shandong.
Sample Location Formation YS
090413-4-D Zangjiazhuang K2h 68
090414-2-D KugouLonggujian K2h 67
090414-5-D KugouLonggujian K2h 60
090414-24-D KugouLonggujian K2h 77
090414-25-D KugouLonggujian K2h 95
090415-D Outside Kugou K2h 62
nc ¼ not calculated.and 79.9 ± 1.66 Ma, were found in Sample 090414-24-D. The
YSG, YPP, YC1s, and YC2s of this age cluster were 77.3 ± 1.54,
78, 77.1 ± 2.4, and 77.1 ± 1.2 Ma, respectively, all older than
73 Ma. In summary, we can conclude that the YSG of sample
090414-24-D, 77.3 ± 1.54 Ma, represents the maximum
depositional age of the dinosaur bone beds of the Hongtuya
Formation in the Zhucheng Basin. Concordant ages below
70Mamay be the result of late thermal events or beingmixed
with other young zircon samples during targeting. This
finding also indicates that the Hongtuya Formation was
deposited during the Campanian (from 83.6 ± 0.2 Ma to
72.1 ± 0.2 Ma).
He et al. (2015) studied detrital zircons separated from
conglomerate of the Upper Cretaceous Hongtuya Formation
dinosaur bone beds, and concluded that deformational events
occurred in the Late Cretaceous at approximately 100 Ma. The
sample was collected from Kugou Section. However, its ac-
curacy is debatable, because the Hongtuya Formation was
deposited in the latest Cretaceous. Many dinosaur fossils, only
found in the uppermost Upper Cretaceous strata, such as
Sinoceratops zhuchengensis, Zhuchengtyrannus magnus, Tsintao-
saurus spinorhinus, Tanius chinkankouenssi, and Tanius laiyan-
gensis, have been reported in recent years from the Hongtuya
Formation (e.g., Xu et al., 2010; Hone et al., 2011). The dinosaur
fossil assemblage and stratigraphic fossil horizons are similar
with the Judith River Group (Campanian) of Dinosaur Provin-
cial Park, Alberta, Canada (Behrensmeyer, 1988; Wood et al.,
1988; Eberth, 1990; Fiorillo, 1991; Brinkman et al., 2004). The
deposition time of the dinosaur bone beds in the Zhucheng
Basin was high probably <100 Ma. It is reasonable and feasible
for this study to use 77.3 Ma as themaximumdepositional age
of the dinosaur bone beds of the Late Cretaceous Wangshi
Group in Zhucheng Basin.
5.2. Detrital zircon geochronology and provenance
analysis
5.2.1. Precambrian group
In this study, only ca. 20% zircons from the six samples are of
the Precambrian age, and can be divided into two major
clusters: 2650e1800 Ma and 785e550 Ma.
The regional tectonic blocks, the North China Craton
(NCC), Yangtze Craton (YC), and Sulu Orogenic Belt, may have
supplied Archean to Paleoproterozoic materials to the Zhu-
cheng Basin. The Jiaobei Terrane is located in the north of them dinosaur fossil beds of the Upper Cretaceous Wangshi
G (Ma) YPP (Ma) YC1s (2þ) YC2s (3þ)
.9 ± 1.32 69 nc nc
.9 ± 1.35 68 nc nc
.2 ± 2.03 65 nc nc
.3 ± 1.54 78 77.1 ± 2.4(3) 77.1 ± 1.2(3)
.4 ± 2.16 97 nc nc
.2 ± 1.42 63 nc nc
82 W.An et al.Jiaolai Basin, along the southeastmargin of the NCC (Wu et al.,
2014b). Geochronological studies have shown that magmatic
activities within the Jiaobei Terrane mainly occurred at
~2.9 Ga, ~2.7 Ga, and 2.6e2.5 Ga (Zhai and Liu, 2003; Zhai et al.,
2005; Zhao et al., 2005), and a metamorphic event occurred at
~1.85 Ga (Zhai and Liu, 2003; Zhai et al., 2005; Zhao et al., 2005).
Recent studies yielded a high-pressure metamorphic event at
1.95e1.90 Ga in the Jiaobei Terrane (Tam et al., 2011, 2012; Wu
et al., 2014a,b). In sharp contrast, the YC experienced Neo-
proterozoic thermal events at 1.1e1.0 Ga and 850e700 Ma (Li
et al., 2003a,b; Zheng and Zhang, 2007). Middle Paleoproter-
ozoic zircon ages at about 2.0 Ga, were obtained from YC units
during the Precambrian tectonic evolution (Zhang et al., 2006;
Liu et al., 2008). A bimodal igneous suite, formed from 800 Ma
to 650Ma, was also reported in the YC (Li et al., 2003a,b; Hacker
et al., 2006; Leech et al., 2006; Zhang et al., 2006).
In this study, there were 41 dating points with ages of
~2.7 Ga, 2.6e2.5 Ga, and 1.9e1.8 Ga, accounting for about 11%.
They represent the magmatic activities and metamorphic
events of the Jiaobei Terrane (Wu et al., 2014b). Three points
were at ca. 2.0 Ga, which may represent the tectonothermal
event of the YC (Wang et al., 2014), and 31 points yielded an age
of 800e630Ma, accounting for about 8%. A Neoproterozoic age
is usually considered as a diagnostic signature in dis-
tinguishing the YC from the NCC (Xie et al., 2012). Therefore,
the Neoproterozoic zircon ages presented here for the
conglomerate from the dinosaur bone beds could be derived
from the YC rather than the NCC. In this study they could be
derived from the Sulu Orogenic Belt. In summary, sediments
were derived from both the Jiaobei Terrane and the Sulu
Orogenic Belt.
5.2.2. Paleozoic group
The Sulu Orogenic Belt was separated from the QinlingDabie
Orogenic Belt by displacement of the TanLu Fault. Some re-
searchers suggested that the Paleozoic Qinling micro-
continent might have extended into the Sulu Orogenic Belt
and proposed that the Jiaobei Terrane represents the base-
ment of the Qinling microcontinent (Hacker et al., 2006).
However, no Paleozoic magmatic events have been clearly
documented in the Jiaobei Terrane. Paleozoic rocks similar to
the Paleozoic Qinling microcontinent might not have devel-
oped in the Sulu Orogenic Belt at all, or could have been
completely denuded. Xie et al. (2012) and Wang et al. (2014)
identified few Paleozoic-aged grains in their study of the
Jiaolai Basin and Lingshan Island, and proposed that the Early
Paleozoic arc did not exist in the Sulu Orogenic Belt. They also
suggested the Sulu Orogenic Belt as their potential source. The
data presented here support their interpretation. This study
identified 15 Paleozoic ages, accounting for 4% of the total
sample test points, ranging from 420 Ma to 263 Ma. Paleozoic-
aged grains exhibited oscillatory zoning patterns and ho-
mogenous internal structures. Their Th/U ratios ranged from
0.9 to 14.0. They should be mainly of magmatic origin (Xie
et al., 2012). The Paleozoic grains from the six conglomerate
samples may be derived from the source material of the Sulu
Orogenic Belt (Xie et al., 2012; Wang et al., 2014).5.2.3. Mesozoic group
Mesozoic zircons were the most developed in the six samples,
accounting for 72% of total sample test points, and peak ages
were concentrated between 130e100 Ma. He et al. (2015) ob-
tained similar peak ages, through study of detrital zircon
chronology of conglomerates collected from the dinosaur
bone beds of the Hongtuya Formation in Kugou. Most of the
Mesozoic zircons in this study had good growth, oscillatory
zoning, and Th/U values mostly >0.4, indicating that they
were derived from igneous sources (Xie et al., 2012). However,
the zircon grains were relatively small, generally
100 mm130 mm, which indicates that they may be derived
from acidic volcanic rocks. A very small amount of the zircons
had no oscillatory zoning, but had a plate structure, which
may represent crystallization zircons derived from basic vol-
canic rocks. Fig. 7 presents the age spectrum compiled ac-
cording to isotopic ages of the Qingshan Group volcanic rocks,
from published papers (Su et al., 1999; Qiu and Luo, 2001; Qiu
et al., 2001; Ling et al., 2006; Niu et al., 2007; Tang et al., 2008;
Zhang et al., 2008; Ling et al., 2009; Kuang et al., 2012). The
graph shows that the detrital zircon ages are consistent with
the peak ages of the volcanic rocks of the Qingshan Group,
which indicates that the volcanic rocks of the Qingshan Group
are the most likely main provenance of the detrital zircons.
Volcanic rocks of the Qingshan Group are mainly exposed
in the northern Laiyang area and also exposed in the Yishu
Fault Zone and south of the Zhucheng Basin, and are visible
sporadically in West Shandong. The volcanic rocks of the
Qingshan Group are most developed in East Shandong and
can be divided into four cycles. The Houkuang Formation
(K1h) is composed of acidic pyroclastic rocks interbeddedwith
normal sedimentary rocks; their main activity period was
126e120 Ma. The Bamudi Formation (K1b) is composed of
basic volcanic rocks; their main eruption period was
120e110 Ma. The Shiqianzhuang Formation (K1s) mainly
consists of intermediate acidic volcanic rocks; their main
eruption period was 110e100 Ma. The Fanggezhuang Forma-
tion (K1fg) is composed of intermediate basic volcanic rocks;
their main eruption period was 100e90 Ma (Shi et al., 2003).
The volcanic rocks of the Qingshan Group are most widely
exposed in the northern Laiyang region (Fig. 1b and 1c).
Through KAr and ArAr geochronology studies of volcanic
rocks of the Qingshan Group in the LaiyangHaiyang area,
previous studies have obtained a large number of ages be-
tween 120 and 110 Ma (Tang et al., 2008; Zhang et al., 2008;
Kuang et al., 2012), which is consistent with the main peak
age of detrital zircons in this study. Therefore, volcanic rocks
of the Qingshan Group in the Laiyang area are the likely main
provenance of the detrital zircons in the Late Cretaceous bone
beds in the Zhucheng area. A large number of late Early
Cretaceous granites are also exposed in the Sulu Terrane
(Zhao and Wang, 1997; Zhao et al., 1998; Zhou et al., 2003) and
the Jiaobei Terrane (Guo et al., 2006; Zhang and Zhang, 2007,
2008); their ages correspond with the peak ages of the
detrital zircons in this study. It is very difficult to distinguish
magmatic zircon from that in granite or acidic volcanic rock
using only the characteristics of detrital zircon, so the early
Fig. 7 e Statistics of isotopic age spectrum of volcanic rocks
in the Qingshan Group (Data were from Su et al., 1999; Qiu
and Luo, 2001; Qiu et al., 2001; Ling et al., 2006; Niu et al.,
2007; Tang et al., 2008; Zhang et al., 2008; Ling et al.,
2009; Kuang et al., 2012).
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possible provenance.5.3. Gravel composition, palaeocurrents, and
provenance of the dinosaur bone beds
This study of detrital zircon geochronology revealed that the
provenance of the dinosaur fossil layer of the Wangshi Group
in Zhucheng could be the volcanic rocks of the Qingshan
Group. Based on the outcropping of the volcanic rocks and
their age composition, the northern Laiyang area may be the
main provenance. However, it is difficult to rule out the pos-
sibility that the detrital zircons are derived from the Early
Cretaceous granite in the Sulu and Jiaobei Terranes. There-
fore, to accurately judge the provenance of the sediments, we
collected data and measurements related to the gravel
composition and palaeocurrents in the conglomerates of the
dinosaur bone beds of the Wangshi Group.
Four groups of palaeocurrent data and three groups of
gravel-component data were collected in the field (Fig. 8b).
The gravel component of these conglomerates was
composed of andesite, tuff, basaltic andesite, rhyolite, tuff-
aceous breccia, and tuffaceous sandstone, which are all
related to volcanic or pyroclastic rock. These results indicate
that the detrital zircons in the conglomerates in the dinosaurbone beds were probably derived from the volcanic rocks of
the Qingshan Group. Palaeocurrent data were mainly
collected from imbrication structures in gravel. In total, 333
imbrication measurements were used to compile a rose di-
agram. Three groups of imbrication structures suggested the
palaeocurrent direction was southsouthwest (SSW). One
group of imbrication structures suggested the palaeocurrent
direction was northwest (NW). The palaeocurrent data sug-
gested the provenances were mainly from the north-
northwest (NNW), and the secondary source area was from
the south. Previous studies have reported that a large
quantity of dinosaur fossils were buried in the Late Creta-
ceous Wangshi Group, in the Hongtuya Formation in Laiyang
(Ji, 2010; Xu et al., 2010). The types of dinosaur fossils buried
in Laiyang and Zhucheng are similar. They are mainly had-
rosaurs. Other species include Tyrannosaurus Rex, Ceratop-
sian, Ankylosaurus, Coelurus, and Sauropods. All these
findings suggest that the dinosaur bone bed sediments of the
Wangshi Group in Zhucheng may come from the north, the
Laiyang area. The provenance of the dinosaur bone beds in
the Zhucheng Basin reflects the palaeogeographic frame-
work of the Jiaolai Basin during the deposition of the Late
Cretaceous Wangshi Group, when the Jiaobei Terrane, Sulu
Terrane, and Yishu Fault Zone were probably in a state of
uplift. Volcanic rocks of the Early Cretaceous Qingshan
Group in Laiyang, the Yishu Fault Zone, and the southern
margin of the Zhucheng Basin may have been uplifted due to
tectonic inversion, to become the source area of the dinosaur
bone bed sediments of the Wangshi Group (Zhang et al.,
2007).
In summary, by combining the study of detrital zircons,
gravel compositions, and palaeocurrents, we determined that
the main provenance of dinosaur bone bed sediments from
the Wangshi Group in Zhucheng is the volcanic rock of the
Qingshan Group in the Laiyang area and the Yishu Fault Zone
(Fig. 8a). The volcanic rocks of the Qingshan Group in the
southern margin of the Zhucheng Basin may be a secondary
source area (Fig. 8a).6. Geological significance
6.1. Regional and global analogy
A global palaeontology extinction event, predominantly
dinosaur, happened at the end of the Late Cretaceous. A
large number of dinosaur fossils and dinosaur egg fossils are
found in the Upper Cretaceous strata, globally. However, it
has been difficult to obtain the precise depositional time for
these fossil layers. The dinosaur bone beds of the Late
Cretaceous Wangshi Group in the Zhucheng Basin can be
analogized with dinosaur fossils and egg fossils buried in
Laiyang. In China, the dinosaur bone beds, ages, and fossil
assemblages in Zhucheng can also be contrasted with those
of the Yuliangzi Formation in Jiayin, Heilongjiang Province
(Lu¨ and Han, 2012), the Wulansuhai Formation in Erenhot,
Inner Mongolia (Wang and Wu, 2009), the Pingling Forma-
tion in Nanxiong, Guangdong Province (Zhao and Yan, 2000),
and the Gaogou and Majiacun Formations in Xixia, Henan
Province (Zhou et al., 1998). Additionally, the dinosaur fossil
Fig. 8 e Proposed model showing provenances of dinosaur bone beds of the Wangshi Group in Zhucheng Basin, eastern
Shandong. 1¡Deposition zone; 2¡Dinosaur fossil beds; 3¡Tanlu Fault; 4¡Provenance direction; 5¡Denudation area;
6¡Palaeocurrent; 7¡Gravel compositions (A¡Andesite, B¡tuff, C¡Rhyolite, D¡Basaltic andesite, E¡Tuffaceous
sandstone, F¡Tuffaceous breccias; Refer to Fig. 2 for the legend of lithology).
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correlated with the Judith River Group of Dinosaur Provin-
cial Park, Alberta, Canada (the top age of the Group is
75e74 Ma, Campanian) (Eberth, 1990; Brinkman et al., 2004).
Therefore, it is essential to define the depositional age of the
dinosaur bone beds, for regional and global stratigraphic
correlation, and the establishment of a geochronological
framework.
6.2. Palaeogeography of the Jiaodong area during the
Late Cretaceous
This study also determined the palaeogeography of the
Jiaodong area during the period of the Late Cretaceous
Wangshi Group. Our results indicate that the Jiaobei
Terrane, the Sulu Terrane, the Yishu Fault Zone, and even
the West Shandong area were uplifted. The main palae-
ogeomorphic background was that the north area of the
Zhucheng Basin was higher, and the main provenance was
to the north and northwest. Moreover, alluvial fan and
braided fluvial facies, formed along the southern side of the
Jiaobei Terrane and Laiyang region toward the ZhuchengBasin (Liu et al., 2010; Kuang et al., 2014). Because of the
erosion and transportation by floods or debris flows,
massive bones were transported from the north to the south
and finally buried in the Zhucheng Basin. These findings
provide an important framework for determining the prov-
enance of dinosaur bone beds and reconstructing the
palaeogeographic framework of the Jiaolai Basin during the
Late Cretaceous.7. Conclusions
1) A previous study reported the age of the basalt located at
the top of the Hongtuya Formation as 73.5 ± 0.3 Ma (Yan
et al., 2003). Dinosaur bones were mostly buried in the
lower Hongtuya Formation, so the depositional age of the
dinosaur bone beds must be >73 Ma. By assessing detrital
zircons separated from six conglomerate samples from the
Wangshi Group in Zhucheng, the present study found that
the youngest single grain age (YSG), 77.3 ± 1.54 Ma, repre-
sents the maximum depositional age of the dinosaur bone
Detrital zircon dating and tracing the provenance of dinosaur bone beds 85beds. Therefore, the dinosaur bone beds of the Late
Cretaceous Wangshi Group in the Zhucheng Basin were
deposited between 77.3 Ma and 73.5 Ma. This finding also
indicates that the Hongtuya Formation was deposited
during the Campanian.
2) Dating results revealed that the main age composition of
the detrital zircons was 130e100 Ma, which corresponds
with the peak age of the volcanic rocks of the Lower
Cretaceous Qingshan Group. Supplemented with research
on gravel composition and palaeocurrents, we determined
that the main provenance of the sediments over a large
area and high density dinosaur bone beds in the Zhucheng
Basin is the volcanic rocks of the Qingshan Group in the
Yishu Fault Zone and Laiyang area, to the northwest and
north of the Zhucheng Basin.
3) These findings provide an important framework for
establishing a global comparison and geochronological
framework of the Late Cretaceous dinosaur bone beds, and
also provide further evidence for reconstructing the
palaeogeography framework of the Jiaolai Basin in the Late
Cretaceous Wangshi Group.
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Spot no. Isotope ratios Age estimates (Ma) U/Th Concentrate (%)
Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Pb207/Pb206 Pb206/U238 Pb207/U235
Ratio 1 s Ratio 1 s Ratio 1 s Ratio 1 s Age 1 s Age 1 s Age 1 s
Sample 090413-4-D
1 0.05195 0.00187 0.01884 0.00036 0.13322 0.00503 0.00622 0.00012 283 80.39 120.3 2.28 127 4.5 1.09467166 105.5694098
2 0.05098 0.00259 0.01643 0.00034 0.11837 0.00641 0.00524 0.0001 239.7 112.9 105 2.16 113.6 5.82 0.335405876 108.1904762
4 0.05294 0.00196 0.01951 0.00037 0.14041 0.00547 0.00646 0.00012 326.2 82.11 124.6 2.37 133.4 4.87 1.104684946 107.0626003
5 0.1062 0.00251 0.31779 0.00593 4.72449 0.20845 0.09158 0.00161 1735.2 42.72 1778.9 29 1771.6 36.97 1.331482493 97.54342571
6 0.04713 0.00388 0.01848 0.00045 0.1226 0.01088 0.00576 0.00018 55.6 185.66 118 2.83 117.4 9.84 0.970730223 99.49152542
7 0.06449 0.00139 0.1134 0.00205 0.98794 0.02205 0.03544 0.00056 757.8 44.72 692.5 11.89 697.7 11.26 1.675964963 100.7509025
8 0.05064 0.00213 0.01995 0.00039 0.1357 0.00602 0.00627 0.00016 224.6 94.2 127.4 2.47 129.2 5.38 2.314653061 101.4128728
9 0.05659 0.00189 0.01806 0.00034 0.13873 0.00481 0.00597 0.0001 474.8 73.1 115.4 2.17 131.9 4.29 0.672100406 114.2980936
10 0.04888 0.00114 0.01813 0.00097 0.12122 0.00793 0.00594 0.00029 373 46.83 336.5 5.92 337.9 5.77 8.801458429 100.4160475
11 0.05143 0.00208 0.01892 0.00037 0.13071 0.0056 0.00656 0.00013 260.2 90.41 120.8 2.35 124.7 5.02 1.184217089 103.2284768
12 0.06515 0.00159 0.10845 0.00199 0.97212 0.02879 0.03411 0.00056 779.2 50.36 663.8 11.6 689.6 14.82 1.093126481 103.8867129
13 0.05252 0.00182 0.01791 0.00034 0.13047 0.0047 0.00617 0.00012 308 76.91 114.4 2.16 124.5 4.23 1.477091623 108.8286713
14 0.05633 0.00215 0.01759 0.00034 0.13775 0.00555 0.00574 0.0001 464.6 83.22 112.4 2.17 131 4.95 0.69406125 116.5480427
15 0.05168 0.00207 0.01852 0.00036 0.12946 0.00545 0.00596 0.00012 271.2 89 118.3 2.29 123.6 4.9 0.930380623 104.4801352
16 0.06027 0.00326 0.10951 0.00244 0.95085 0.08265 0.03501 0.00078 613.3 112.9 669.9 14.2 678.5 43.02 0.652888094 101.2837737
17 0.05016 0.00184 0.0184 0.00035 0.12778 0.00489 0.00594 0.00011 202.5 82.79 117.5 2.24 122.1 4.4 0.839926796 103.9148936
18 0.04985 0.00232 0.01888 0.00038 0.13033 0.00645 0.00602 0.00013 187.9 104.84 120.6 2.4 124.4 5.8 0.965848135 103.1509121
19 0.12487 0.0026 0.29051 0.00527 5.04497 0.12208 0.08782 0.0014 2027 36.35 1644.1 26.32 1826.9 20.51 2.13135302 123.2893376
20 0.10438 0.00132 0.28286 0.00097 4.03231 0.01008 0.08102 0.00044 402 52.76 333.5 5.95 339.3 7.33 14.00155268 101.7391304
21 0.05192 0.00226 0.0181 0.00036 0.12729 0.0059 0.00572 0.00011 281.7 96.65 115.6 2.29 121.7 5.31 0.738511759 105.2768166
22 0.0552 0.00243 0.01744 0.00035 0.13302 0.00624 0.00611 0.00013 420.2 95.26 111.4 2.23 126.8 5.6 1.030068362 113.8240575
23 0.05642 0.0054 0.01599 0.00045 0.12579 0.01307 0.00564 0.00021 468.3 199.57 102.3 2.84 120.3 11.78 1.115586212 117.5953079
24 0.05443 0.00296 0.01683 0.00036 0.12522 0.00729 0.00593 0.00014 388.8 117.14 107.6 2.28 119.8 6.58 1.055070192 111.33829
25 0.05559 0.00202 0.04295 0.00083 0.32899 0.01399 0.01375 0.0003 435.8 78.86 271.1 5.15 288.8 10.69 1.813378992 106.5289561
26 0.05129 0.00177 0.0185 0.00035 0.13141 0.00473 0.00603 0.00011 253.8 77.51 118.2 2.23 125.4 4.24 1.084673295 106.0913706
27 0.04981 0.00293 0.01841 0.0004 0.12542 0.00792 0.00628 0.00014 186 131.37 117.6 2.51 120 7.15 0.724336249 102.0408163
28 0.06457 0.0014 0.10463 0.0019 0.93612 0.02116 0.03322 0.00053 760.3 44.97 641.5 11.09 670.9 11.1 2.191350907 104.5830086
29 0.04678 0.00206 0.01858 0.00037 0.12248 0.00572 0.00578 0.00011 38 102.24 118.7 2.33 117.3 5.17 0.529781757 98.82055602
30 0.26674 0.00141 0.01914 0.00097 0.72957 0.01029 0.00623 0.00042 824.9 43.68 334.5 5.91 409.8 6.98 7.50756449 122.5112108
31 0.05868 0.00314 0.01678 0.00036 0.13029 0.00749 0.00611 0.00014 555.1 112.79 107.2 2.29 124.4 6.73 1.000550325 116.0447761
32 0.05524 0.00369 0.01707 0.0004 0.1308 0.00947 0.00589 0.00015 421.9 142.7 109.1 2.51 124.8 8.51 0.86415678 114.3904675
33 0.11227 0.00242 0.2727 0.00499 4.33065 0.12455 0.08364 0.00134 1836.5 38.5 1554.5 25.28 1699.2 23.72 1.320929165 118.1408813
34 0.05176 0.00196 0.01782 0.00035 0.1284 0.00512 0.006 0.00011 275 84.52 113.9 2.19 122.7 4.61 1.058472827 107.7260755
35 0.05078 0.00293 0.03952 0.00086 0.27132 0.01855 0.01318 0.00032 230.7 127.93 249.9 5.33 243.8 14.81 1.047681571 97.55902361
36 0.04686 0.00193 0.01746 0.00034 0.11381 0.00493 0.00562 0.0001 41.7 96.05 111.6 2.16 109.4 4.49 0.658132687 98.02867384
37 0.05449 0.00238 0.01753 0.00035 0.13158 0.00611 0.00578 0.00012 391.2 94.36 112 2.22 125.5 5.49 1.085531313 112.0535714
38 0.04608 0.00288 0.01795 0.00039 0.11336 0.00754 0.00559 0.00013 1.7 144.09 114.7 2.44 109 6.88 0.719564839 95.03051439
39 0.06456 0.00144 0.11491 0.00208 1.02041 0.0253 0.03659 0.00057 760 46.27 701.2 12.02 714.1 12.71 0.965860781 101.8397034
40 0.05025 0.0029 0.01727 0.00037 0.11836 0.00732 0.00563 0.00013 206.7 128.37 110.4 2.36 113.6 6.65 0.747560627 102.8985507
41 0.04605 0.00233 0.01784 0.00036 0.11604 0.00624 0.00569 0.00012 0.1 117.57 114 2.3 111.5 5.68 0.900785545 97.80701754
42 0.08937 0.00241 0.11599 0.00218 1.48075 0.05919 0.03859 0.00066 1412.1 50.74 707.4 12.62 922.5 24.23 0.90278155 130.4071247
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43 0.16405 0.00343 0.41061 0.00748 9.59332 3 0.12316 0.00203 2497.9 34.82 2217.7 34.16 2396.5 29.09 2.347425883 112.6347116
44 0.05302 0.00208 0.0166 0.00032 0.11983 0.00494 0.00518 0.00009 329.4 86.77 106.1 2.05 114.9 4.48 0.434981525 108.2940622
45 0.04941 0.0016 0.01822 0.00034 0.12304 0.00409 0.00566 0.00012 167.1 73.75 116.4 2.17 117.8 3.7 2.273631532 101.2027491
46 0.04952 0.00232 0.01661 0.00034 0.11562 0.00573 0.00552 0.00011 172.6 105.66 106.2 2.13 111.1 5.22 0.805427561 104.613936
47 0.0518 0.00221 0.01756 0.00035 0.12467 0.00563 0.00594 0.00012 276.4 94.64 112.2 2.21 119.3 5.08 0.861277596 106.3279857
48 0.05476 0.00398 0.01758 0.00042 0.13436 0.01062 0.00588 0.00015 402.2 155.14 112.4 2.66 128 9.51 0.653987128 113.8790036
49 0.05583 0.00247 0.01769 0.00036 0.13193 0.00623 0.00598 0.00014 445.1 95.14 113.1 2.27 125.8 5.59 1.588422989 111.2290009
50 0.04698 0.00282 0.0165 0.00036 0.10884 0.00699 0.00554 0.00011 47.9 137.93 105.5 2.27 104.9 6.4 0.484326264 99.43127962
51 0.04588 0.00164 0.01706 0.00033 0.10502 0.00387 0.00568 0.0001 0.1 74.42 109 2.07 101.4 3.56 1.06212414 93.02752294
52 0.04825 0.00252 0.01656 0.00034 0.11013 0.0061 0.00568 0.00012 111.7 118.67 105.9 2.19 106.1 5.58 0.803677579 100.1888574
53 0.04636 0.002 0.0175 0.00035 0.11043 0.00502 0.00549 0.00011 16.4 100.53 111.9 2.2 106.4 4.59 0.918772059 95.08489723
54 0.05482 0.00149 0.01788 0.00033 0.13587 0.00373 0.00609 0.0001 404.7 59.03 114.3 2.11 129.4 3.34 1.562238516 113.2108486
55 0.05002 0.00199 0.02075 0.00041 0.14136 0.006 0.00684 0.00014 195.9 90 132.4 2.57 134.3 5.34 1.454573132 101.4350453
56 0.16767 0.00346 0.45915 0.00842 10.17847 0.28257 0.12666 0.002 2534.5 34.18 2435.8 37.19 2451.1 25.67 1.659914039 104.0520568
57 0.05921 0.0019 0.04165 0.0008 0.33517 0.01236 0.01251 0.00023 574.7 68.43 263.1 4.94 293.5 9.4 1.125009771 111.554542
58 0.05075 0.00241 0.0176 0.00036 0.12628 0.00642 0.0058 0.00012 229.3 106.29 112.5 2.29 120.7 5.79 0.822744628 107.2888889
59 0.054 0.00209 0.01856 0.00037 0.1395 0.00573 0.00603 0.00011 370.8 84.68 118.6 2.31 132.6 5.11 0.932481457 111.8043845
60 0.05003 0.00113 0.0316 0.00058 0.21942 0.0049 0.0108 0.00021 196.3 51.73 200.5 3.62 201.4 4.08 11.65054428 100.4488778
61 0.16671 0.00343 0.39623 0.00728 9.38029 0.24821 0.11435 0.0018 2524.9 34.13 2151.7 33.59 2375.9 24.28 1.754594383 117.3444253
62 0.05468 0.00226 0.01833 0.00037 0.1397 0.00619 0.00566 0.00011 400.1 88.8 117.1 2.33 132.8 5.51 0.813806737 113.4073442
63 0.0522 0.00219 0.01809 0.00036 0.12825 0.00573 0.00599 0.00012 294.3 93.14 115.6 2.3 122.5 5.15 0.911876313 105.9688581
64 0.05203 0.00117 0.04326 0.0008 0.31304 0.00707 0.01375 0.00022 286.5 50.53 273 4.92 276.5 5.47 2.093661963 101.2820513
65 0.05653 0.00186 0.01946 0.00037 0.1509 0.00522 0.00621 0.00011 472.6 71.88 124.3 2.37 142.7 4.6 1.075472984 114.8028962
66 0.0494 0.00282 0.01679 0.00036 0.11357 0.00693 0.00567 0.00012 167.1 128.19 107.3 2.31 109.2 6.32 0.716242516 101.7707363
67 0.04829 0.00163 0.01075 0.00021 0.07231 0.00246 0.00326 0.00005 113.6 77.64 68.9 1.32 70.9 2.33 0.583613622 102.9027576
68 0.1307 0.00264 0.38047 0.00699 6.86467 0.14122 0.10828 0.00166 2107.3 35.05 2078.5 32.63 2094.1 18.23 2.131845522 101.3856146
69 0.08909 0.00294 0.03504 0.0007 0.4284 0.0168 0.0073 0.00015 1406.1 61.74 222 4.34 362 11.94 0.836702955 163.0630631
70 0.05456 0.00379 0.01779 0.00042 0.13252 0.01001 0.00539 0.00016 394.2 148.73 113.7 2.69 126.4 8.98 1.025392923 111.1697449
71 0.05241 0.00166 0.04542 0.00087 0.3246 0.01179 0.01366 0.00024 303.4 70.54 286.4 5.39 285.4 9.04 0.90607443 99.65083799
72 0.06517 0.00432 0.11308 0.00285 0.98927 0.10779 0.03526 0.00111 779.9 133.59 690.6 16.53 698.3 55.02 1.093231482 101.1149725
73 0.05015 0.00226 0.01825 0.00037 0.1317 0.00637 0.00583 0.00011 201.9 101.53 116.6 2.36 125.6 5.71 0.775717276 107.7186964
74 0.06003 0.00242 0.01713 0.00035 0.14052 0.00604 0.00588 0.00011 604.5 84.92 109.5 2.2 133.5 5.38 0.766592208 121.9178082
75 0.0529 0.00315 0.03955 0.00088 0.28762 0.0203 0.01255 0.00034 324.5 129.64 250.1 5.45 256.7 16.01 1.27875327 102.6389444
76 0.0552 0.00199 0.01796 0.00035 0.13455 0.00513 0.00583 0.0001 420.3 78.36 114.8 2.24 128.2 4.59 0.574917308 111.6724739
77 0.04785 0.00199 0.01811 0.00036 0.11975 0.00528 0.0058 0.00011 91 96.81 115.7 2.3 114.8 4.79 0.817205703 99.22212619
78 0.05003 0.00353 0.0183 0.00042 0.12253 0.00924 0.00576 0.00012 196.3 156.29 116.9 2.66 117.4 8.36 0.502543982 100.427716
79 0.07273 0.00601 0.01768 0.00049 0.18531 0.01722 0.00619 0.00018 1006.5 159.24 113 3.13 172.6 14.75 0.644383685 152.7433628
80 0.04856 0.00263 0.01788 0.00038 0.12027 0.00697 0.00573 0.00012 126.7 122.7 114.2 2.43 115.3 6.32 0.761009854 100.9632224
81 0.04821 0.00274 0.01791 0.00039 0.11808 0.00718 0.00556 0.00012 109.6 129.09 114.4 2.45 113.3 6.52 0.619115902 99.03846154
82 0.05385 0.00265 0.01722 0.00037 0.12519 0.0066 0.00558 0.0001 364.5 106.71 110.1 2.31 119.8 5.96 0.332750457 108.8101726
83 0.13213 0.00273 0.3315 0.00619 6.12223 0.15441 0.09496 0.0015 2126.4 35.71 1845.6 29.97 1993.4 22.01 1.835424744 115.2145644
84 0.06464 0.00142 0.12261 0.0023 1.09215 0.0268 0.03656 0.00057 762.6 45.56 745.6 13.18 749.5 13.01 0.86226369 100.5230687
85 0.04838 0.00215 0.01748 0.00036 0.11675 0.00549 0.00568 0.00012 117.9 101.37 111.7 2.26 112.1 4.99 1.077106295 100.3581021
Sample 090414-2-D
1 0.06562 0.00144 0.10941 0.00207 0.9909 0.02388 0.03476 0.00057 794.2 45.46 669.3 12.01 699.2 12.18 1.317809672 104.467354
2 0.048 0.0015 0.03809 0.00076 0.2524 0.00859 0.01227 0.00024 98.3 73.47 241 4.72 228.5 6.96 1.092345951 94.81327801
3 0.07444 0.00173 0.03383 0.00065 0.34283 0.0081 0.01024 0.00017 1053.2 46.43 214.5 4.03 299.3 6.13 0.800845567 139.5337995
4 0.05022 0.00189 0.01689 0.00035 0.11447 0.00444 0.00567 0.00012 205 85.16 108 2.25 110 4.04 1.082790606 101.8518519
(continued on next page)
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Spot no. Isotope ratios Age estimates (Ma) U/Th Concentrate (%)
Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Pb207/Pb206 Pb206/U238 Pb207/U235
Ratio 1 s Ratio 1 s Ratio 1 s Ratio 1 s Age 1 s Age 1 s Age 1 s
5 0.05825 0.00188 0.01782 0.00036 0.14028 0.00463 0.00592 0.00011 538.7 69.53 113.9 2.29 133.3 4.12 0.749464522 117.0324846
6 0.04805 0.0015 0.01676 0.00033 0.10974 0.00346 0.00531 0.0001 101.7 72.14 107.1 2.11 105.7 3.16 0.786741637 98.69281046
7 0.05319 0.00164 0.01838 0.00037 0.13578 0.00426 0.00607 0.00012 336.7 68.26 117.4 2.32 129.3 3.81 1.085752382 110.1362862
8 0.05618 0.00214 0.01738 0.00037 0.13167 0.00519 0.00573 0.00012 458.8 82.35 111.1 2.34 125.6 4.66 0.696927155 113.0513051
9 0.04781 0.00135 0.01849 0.00036 0.11735 0.00333 0.00602 0.00011 88.7 66.78 118.1 2.28 112.7 3.03 1.108275696 95.42760373
10 0.06152 0.00229 0.01755 0.00037 0.14836 0.00576 0.00557 0.00013 657.3 77.94 112.1 2.37 140.5 5.09 0.987354668 125.3345227
11 0.05277 0.00131 0.01793 0.00034 0.12996 0.00318 0.00578 0.0001 319 55.34 114.5 2.17 124.1 2.86 0.857827089 108.3842795
12 0.04924 0.00121 0.02505 0.00048 0.16546 0.00407 0.0086 0.00017 159.1 56.69 159.5 3 155.5 3.54 3.268770136 97.49216301
13 0.05176 0.00207 0.01782 0.00038 0.12725 0.00528 0.00595 0.00014 274.8 88.87 113.9 2.42 121.6 4.76 1.113467688 106.7603161
14 0.05473 0.00436 0.01576 0.00048 0.11142 0.00931 0.0057 0.00025 401.2 169.39 100.8 3.04 107.3 8.5 1.292974831 106.4484127
15 0.04851 0.00155 0.01059 0.00021 0.06972 0.00221 0.00352 0.00009 124.3 73.7 67.9 1.35 68.4 2.1 2.603060814 100.736377
16 0.04544 0.00287 0.0168 0.00043 0.10323 0.00682 0.00524 0.00013 0.1 114.37 107.4 2.71 99.8 6.28 0.465084202 92.92364991
17 0.04889 0.00163 0.0179 0.00036 0.12012 0.00411 0.00576 0.00011 142.4 76.65 114.3 2.29 115.2 3.72 0.887912489 100.7874016
18 0.0405 0.0027 0.01966 0.0005 0.10789 0.00759 0.0063 0.00019 0.1 0 125.5 3.16 104 6.95 0.899036251 82.8685259
19 0.04551 0.00129 0.01665 0.00032 0.1044 0.00296 0.00525 0.00009 0.1 38.9 106.5 2.05 100.8 2.72 0.339179817 94.64788732
20 0.05161 0.0018 0.0175 0.00036 0.12393 0.00445 0.0055 0.00011 268.2 78.23 111.8 2.28 118.6 4.02 0.643260069 106.0822898
21 0.11035 0.00248 0.26861 0.00515 4.09859 0.14067 0.08169 0.00158 1805.2 40.33 1533.8 26.18 1654 28.01 2.444641267 117.6946147
22 0.17006 0.00359 0.4174 0.00791 9.62394 0.31137 0.12411 0.00223 2558.3 34.89 2248.7 35.99 2399.5 29.76 2.448266444 113.7679548
23 0.06173 0.00204 0.01825 0.00037 0.16041 0.0055 0.00574 0.00012 664.8 69.3 116.6 2.37 151.1 4.81 0.825539462 129.5883362
24 0.06476 0.00141 0.12087 0.00227 1.03819 0.02459 0.03622 0.00058 766.6 45.32 735.5 13.06 723 12.25 0.947199032 98.30047587
25 0.05629 0.00219 0.01892 0.0004 0.14034 0.0057 0.00609 0.00013 463.2 84.88 120.9 2.56 133.3 5.08 0.839487212 110.2564103
26 0.0677 0.00184 0.11287 0.00222 0.99838 0.0356 0.03648 0.00067 859.3 55.35 689.4 12.87 703 18.09 0.989013996 101.9727299
27 0.05363 0.0019 0.02871 0.00059 0.21586 0.00829 0.00693 0.00017 355.3 77.87 182.4 3.72 198.5 6.92 1.189724669 108.8267544
28 0.04948 0.00162 0.01809 0.00036 0.1224 0.0041 0.00599 0.00012 170.8 74.88 115.6 2.3 117.2 3.71 1.061407418 101.384083
29 0.0492 0.0027 0.01668 0.0004 0.11662 0.0067 0.00557 0.00016 157.5 123.59 106.7 2.53 112 6.09 1.017016248 104.9671978
30 0.15503 0.00316 0.40654 0.00758 8.57986 0.19934 0.11722 0.00188 2402.2 34.25 2199.1 34.72 2294.4 21.13 2.177831436 109.2355964
31 0.05811 0.00203 0.05062 0.00105 0.39503 0.01625 0.01586 0.00044 533.6 75.13 318.3 6.45 338 11.83 2.308417277 106.1891298
32 0.04723 0.0017 0.01822 0.00037 0.11658 0.00431 0.00602 0.00012 60.5 84.04 116.4 2.36 112 3.92 0.836846441 96.21993127
33 0.05078 0.00117 0.03856 0.00073 0.26524 0.0061 0.01183 0.0002 230.8 52.31 243.9 4.51 238.9 4.9 1.21705655 97.9499795
34 0.04858 0.00209 0.01653 0.00036 0.11056 0.00493 0.00531 0.00011 127.5 98.4 105.7 2.28 106.5 4.51 0.689847828 100.756859
35 0.0695 0.00197 0.12611 0.00251 1.18877 0.04744 0.03947 0.00072 913.6 57.26 765.7 14.39 795.4 22.01 0.735583674 103.8788037
36 0.04905 0.00182 0.01606 0.00033 0.10756 0.00407 0.00539 0.0001 150.4 84.56 102.7 2.11 103.7 3.73 0.542039662 100.9737098
37 0.11551 0.00235 0.34185 0.00635 5.40916 0.1166 0.09624 0.00155 1887.8 36.23 1895.6 30.5 1886.3 18.47 3.215252817 99.58852078
38 0.14398 0.00291 0.26795 0.00496 5.32663 0.10451 0.11263 0.00178 2275.7 34.37 1530.4 25.23 1873.1 16.77 8.166591042 148.6996864
39 0.11589 0.00251 0.31084 0.00588 5.00656 0.15484 0.09012 0.00151 1893.8 38.41 1744.8 28.91 1820.4 26.17 1.117248894 108.5396607
40 0.1511 0.00306 0.35045 0.0065 7.4217 0.15294 0.1021 0.00159 2358.4 34.17 1936.7 31.01 2163.6 18.44 1.603949552 121.7741519
41 0.0509 0.00189 0.01833 0.00038 0.12523 0.00481 0.00569 0.00013 236.1 83.5 117.1 2.41 119.8 4.34 1.234604274 102.3057216
42 0.15421 0.00318 0.38407 0.00717 8.17707 0.20955 0.11124 0.00179 2393.1 34.72 2095.3 33.39 2250.8 23.19 1.433880809 114.2127619
43 0.04893 0.00106 0.01965 0.00037 0.13049 0.00269 0.00633 0.00014 144.3 49.99 125.4 2.31 124.5 2.42 15.50008139 99.28229665
44 0.06628 0.0015 0.11732 0.00221 1.06588 0.02744 0.03557 0.0006 815.3 46.63 715.1 12.76 736.7 13.49 1.344686802 103.0205566
45 0.16473 0.00336 0.40302 0.00748 8.92648 0.20266 0.12615 0.00199 2504.8 33.91 2182.9 34.39 2330.5 20.73 1.669628518 114.7464382
46 0.10793 0.00288 0.27774 0.00563 4.26669 0.22908 0.0816 0.0018 1764.8 47.89 1580 28.4 1687 44.16 1.485225512 111.6962025
47 0.16704 0.00339 0.45568 0.00844 10.46653 0.22705 0.12988 0.00204 2528.2 33.68 2420.4 37.4 2477 20.11 1.666423337 104.4538093
9
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48 0.17031 0.00348 0.13866 0.00257 3.32341 0.06841 0.03413 0.00055 2560.7 33.78 837.1 14.57 1486.6 16.07 2.201639903 177.5892964
49 0.06272 0.00168 0.02049 0.0004 0.17631 0.00476 0.00639 0.00011 698.9 55.93 130.7 2.51 164.9 4.11 0.712249412 126.1667942
50 0.07488 0.00251 0.01771 0.00037 0.18596 0.00651 0.00574 0.00013 1065.4 66 113.1 2.34 173.2 5.57 1.057539104 153.1388152
51 0.05648 0.00415 0.01653 0.00048 0.12972 0.01011 0.00578 0.00021 470.7 155.66 105.7 3.05 123.8 9.09 0.921427227 117.1239357
52 0.05088 0.00239 0.01894 0.00043 0.12855 0.00634 0.00594 0.00015 235.3 104.99 121 2.7 122.8 5.71 1.004678904 101.4876033
53 0.05832 0.00183 0.05638 0.00113 0.43617 0.01601 0.02202 0.00056 541.1 67.78 353.6 6.91 367.5 11.32 3.222433747 103.9309955
54 0.17127 0.00355 0.47509 0.00887 11.0683 0.30584 0.13706 0.00231 2570.1 34.2 2505.8 38.77 2528.9 25.73 2.473925686 102.5660468
55 0.06579 0.0014 0.11917 0.00222 1.04143 0.02306 0.03722 0.00058 799.6 44.07 725.8 12.77 724.6 11.47 0.530772851 99.8346652
56 0.06668 0.00147 0.11522 0.00216 1.07634 0.0262 0.0365 0.00059 827.7 45.47 703 12.47 741.8 12.81 0.93686459 105.5192034
57 0.06499 0.00149 0.12149 0.00229 1.09147 0.02886 0.03854 0.00063 773.9 47.46 739.2 13.16 749.2 14.01 0.882471596 101.3528139
58 0.05714 0.00258 0.01963 0.00044 0.14877 0.00709 0.00694 0.00019 496.4 97.1 125.3 2.79 140.8 6.27 1.351899162 112.3703113
59 0.11211 0.00229 0.2621 0.00485 3.98068 0.08187 0.07426 0.00119 1833.9 36.5 1500.6 24.75 1630.3 16.69 4.051422879 122.2111156
60 0.06596 0.00301 0.0257 0.00059 0.21418 0.0107 0.00692 0.0002 805.1 92.7 163.6 3.73 197.1 8.95 1.074756971 120.4767726
61 0.12702 0.00262 0.35662 0.00662 6.0341 0.14174 0.10574 0.00174 2057.1 35.95 1966.1 31.44 1980.8 20.46 3.097940013 104.6284523
62 0.04902 0.00164 0.02008 0.0004 0.139 0.00481 0.00628 0.00013 148.9 76.8 128.2 2.55 132.1 4.29 0.958072102 103.0421217
63 0.05096 0.00266 0.02016 0.00048 0.14041 0.00781 0.00698 0.00022 239.2 116.2 128.7 3 133.4 6.95 1.534124859 103.6519037
64 0.11706 0.00286 0.2608 0.00511 4.21324 0.18243 0.07712 0.00158 1911.8 43.17 1493.9 26.14 1676.6 35.53 1.695281014 127.97376
65 0.05946 0.00376 0.01858 0.0005 0.14643 0.00988 0.00641 0.00017 583.9 131.57 118.7 3.15 138.8 8.75 0.510303459 116.9334457
66 0.10837 0.00254 0.2491 0.0048 3.91589 0.14879 0.08038 0.00157 1772.1 42.25 1433.8 24.75 1617 30.73 2.05490238 123.5946436
67 0.04451 0.00185 0.01694 0.00036 0.10112 0.00432 0.0063 0.00014 0.1 16.27 108.3 2.26 97.8 3.98 1.039631728 90.30470914
68 0.05354 0.00251 0.01841 0.00042 0.13569 0.00669 0.00623 0.00016 351.8 102.31 117.6 2.64 129.2 5.99 1.007322679 109.8639456
69 0.04837 0.00222 0.01783 0.00039 0.11998 0.00576 0.00577 0.00012 117.3 105 113.9 2.5 115.1 5.22 0.440737239 101.0535558
70 0.05501 0.00304 0.01809 0.00044 0.13762 0.00807 0.00645 0.00019 412.4 118.67 115.5 2.81 130.9 7.2 1.031955096 113.3333333
71 0.0487 0.00187 0.01853 0.00039 0.12372 0.00493 0.00597 0.00012 133.6 88.03 118.4 2.44 118.4 4.45 0.709128197 100
72 0.05271 0.002 0.01745 0.00036 0.1228 0.0048 0.0054 0.0001 316.5 83.62 111.5 2.31 117.6 4.34 0.513344619 105.470852
73 0.06503 0.00139 0.11402 0.00211 1.00949 0.02223 0.03569 0.00056 775.4 44.29 696 12.24 708.6 11.23 0.898817399 101.8103448
74 0.05918 0.00221 0.01834 0.00039 0.15478 0.00605 0.00695 0.00017 573.8 79.23 117.1 2.44 146.1 5.32 1.605543661 124.765158
75 0.11388 0.00249 0.26183 0.00492 3.94836 0.11668 0.08406 0.00154 1862.3 38.91 1499.2 25.16 1623.7 23.94 2.792653501 124.2195838
76 0.05594 0.00131 0.06454 0.00121 0.48986 0.01207 0.02018 0.00036 449.7 50.99 403.2 7.34 404.8 8.23 2.178431135 100.3968254
77 0.04603 0.0015 0.01657 0.00033 0.10441 0.00344 0.00532 0.00009 0.1 75.24 105.9 2.08 100.8 3.16 0.404334716 95.18413598
78 0.11425 0.00237 0.31157 0.00577 4.73787 0.11004 0.09138 0.00148 1868 36.95 1748.4 28.34 1774 19.47 2.349076845 106.8405399
79 0.0928 0.00381 0.02025 0.00047 0.26466 0.01196 0.00789 0.00022 1483.7 76.07 129.2 2.97 238.4 9.6 1.20795655 184.5201238
80 0.05357 0.00174 0.01997 0.0004 0.14791 0.00497 0.00636 0.00017 352.7 71.88 127.5 2.53 140.1 4.39 2.669190188 109.8823529
81 0.04853 0.00195 0.0184 0.00039 0.12475 0.00522 0.00662 0.00016 125.2 92.09 117.5 2.45 119.4 4.71 1.325202505 101.6170213
82 0.05335 0.00206 0.0193 0.0004 0.1409 0.00566 0.00584 0.00013 343.7 84.78 123.2 2.56 133.8 5.04 0.833194413 108.6038961
83 0.05554 0.00295 0.01681 0.0004 0.13547 0.00759 0.00487 0.00013 433.7 114.26 107.5 2.56 129 6.79 0.683468869 120
84 0.09976 0.00206 0.23047 0.00425 3.1233 0.06657 0.07364 0.00119 1619.7 37.93 1337 22.26 1438.4 16.39 3.552554227 121.144353
85 0.05648 0.00239 0.01892 0.00041 0.14385 0.00638 0.00608 0.00014 470.5 91.78 120.8 2.6 136.5 5.66 0.825058975 112.9966887
86 0.05991 0.00323 0.01901 0.00047 0.15318 0.0088 0.00676 0.00017 600.3 112.54 121.4 2.95 144.7 7.75 0.674521204 119.1927512
87 0.0465 0.00311 0.01661 0.00043 0.09858 0.00685 0.0056 0.00018 23.8 153.21 106.2 2.73 95.5 6.33 0.939677663 89.92467043
88 0.1032 0.00214 0.2526 0.00466 3.57435 0.07967 0.08188 0.0014 1682.4 37.83 1451.9 23.99 1543.9 17.68 5.86306152 115.875749
89 0.0506 0.00228 0.01718 0.00038 0.1211 0.00568 0.00587 0.00015 222.5 101.02 109.8 2.39 116.1 5.14 1.169085604 105.7377049
90 0.06407 0.00148 0.11763 0.00221 1.04659 0.02774 0.03715 0.00062 743.8 48.07 716.9 12.72 727.2 13.76 1.203324624 101.4367415
91 0.05428 0.00153 0.03892 0.00075 0.29327 0.00884 0.01266 0.00024 382.6 61.76 246.2 4.67 261.1 6.94 1.457569652 106.0519903
92 0.05101 0.00176 0.01873 0.00038 0.13044 0.00463 0.0061 0.00012 241.3 77.73 119.7 2.39 124.5 4.16 0.900532284 104.0100251
93 0.05236 0.00147 0.03406 0.00066 0.24437 0.00721 0.01194 0.00021 301 62.55 215.9 4.1 222 5.88 0.96930388 102.8253821
94 0.04673 0.00149 0.02014 0.0004 0.12662 0.00412 0.00624 0.00011 35 74.81 128.5 2.51 121.1 3.71 0.493310474 94.24124514
95 0.07988 0.00236 0.10824 0.00218 1.24929 0.05295 0.03917 0.00069 1194.1 57.11 662.5 12.67 823.1 23.9 0.496836439 124.2415094
(continued on next page)
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e (continued )
Spot no. Isotope ratios Age estimates (Ma) U/Th Concentrate (%)
Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Pb207/Pb206 Pb206/U238 Pb207/U235
Ratio 1 s Ratio 1 s Ratio 1 s Ratio 1 s Age 1 s Age 1 s Age 1 s
96 0.05069 0.00178 0.01728 0.00035 0.11729 0.0042 0.00601 0.00012 226.7 79.17 110.4 2.22 112.6 3.82 0.992487221 101.9927536
97 0.06171 0.00212 0.08976 0.00185 0.78443 0.03646 0.03791 0.00097 664 71.82 554.1 10.95 588 20.75 2.448399872 106.1180292
98 0.05292 0.00121 0.03635 0.00068 0.26285 0.00597 0.01257 0.00021 325.4 51.1 230.2 4.21 237 4.8 1.604881143 102.9539531
99 0.05097 0.00255 0.01664 0.00038 0.11504 0.00598 0.0058 0.00017 239.5 111.24 106.4 2.42 110.6 5.45 1.397993619 103.9473684
100 0.04953 0.00134 0.01692 0.00032 0.11764 0.00315 0.00568 0.0001 173.1 61.83 108.2 2.05 112.9 2.86 1.503854603 104.3438078
Sample 090414-5-D
1 0.04835 0.00211 0.01586 0.00034 0.10003 0.00447 0.00576 0.00013 116.3 99.81 101.4 2.13 96.8 4.12 1.029340136 95.46351085
2 0.05578 0.00188 0.01682 0.00033 0.12574 0.0043 0.00591 0.00011 443.2 73.38 107.5 2.11 120.3 3.88 0.858967658 111.9069767
3 0.05114 0.0029 0.01567 0.00038 0.10875 0.00642 0.00548 0.00016 247.1 125.3 100.2 2.39 104.8 5.88 1.011996652 104.5908184
4 0.1635 0.00336 0.36004 0.00648 8.13435 0.19932 0.09201 0.00151 2492.2 34.25 1982.4 30.72 2246.1 22.16 2.461578436 125.7163035
5 0.05542 0.00178 0.01776 0.00035 0.13383 0.00435 0.00556 0.00011 428.8 69.79 113.5 2.2 127.5 3.9 0.784824241 112.3348018
6 0.06607 0.0038 0.0171 0.00044 0.153 0.00938 0.0055 0.00019 808.5 115.99 109.3 2.78 144.6 8.26 1.055931833 132.2964318
7 0.07414 0.00273 0.01859 0.00039 0.19136 0.00741 0.00594 0.00012 1045.2 72.54 118.7 2.47 177.8 6.32 0.635672404 149.789385
8 0.05237 0.00207 0.01896 0.00039 0.1408 0.00581 0.00606 0.00017 301.5 87.83 121.1 2.48 133.8 5.17 1.984280821 110.4872007
9 0.04894 0.00137 0.01691 0.00032 0.11496 0.00318 0.00539 0.00009 145.1 64.55 108.1 2.01 110.5 2.89 0.640734024 102.2201665
10 0.05519 0.00202 0.01731 0.00035 0.13069 0.00489 0.00581 0.00012 419.6 79.21 110.6 2.22 124.7 4.39 0.889583805 112.7486438
11 0.0522 0.00122 0.01775 0.00032 0.12711 0.00281 0.00675 0.00013 294.1 52.26 113.4 2.05 121.5 2.53 5.314019561 107.1428571
12 0.05353 0.00178 0.01723 0.00034 0.12534 0.00423 0.00611 0.00018 351.4 73.71 110.1 2.15 119.9 3.82 3.844929575 108.9009991
13 0.11659 0.00238 0.31878 0.00573 5.04978 0.1082 0.09355 0.00148 1904.7 36.28 1783.8 27.99 1827.7 18.16 2.885091362 106.7776657
14 0.16403 0.00354 0.42069 0.00777 9.57776 0.35091 0.12705 0.00215 2497.6 35.87 2263.6 35.27 2395 33.68 1.206741266 110.3375155
15 0.06475 0.00205 0.02108 0.00042 0.19176 0.0063 0.00598 0.00012 766.4 65.33 134.4 2.62 178.1 5.37 0.89403769 132.514881
16 0.05363 0.00144 0.0187 0.00035 0.13589 0.00361 0.0058 0.00011 355.5 59.7 119.4 2.22 129.4 3.23 1.294711304 108.3752094
17 0.06304 0.00264 0.10461 0.0023 0.8977 0.05578 0.03225 0.00091 709.6 86.52 641.4 13.45 650.5 29.84 1.369826236 101.4187714
18 0.09236 0.00485 0.01512 0.00039 0.19205 0.01075 0.00535 0.00016 1474.7 96.51 96.8 2.5 178.4 9.16 0.823900272 184.2975207
19 0.05256 0.00218 0.01615 0.00034 0.1175 0.00502 0.00539 0.00013 310 91.69 103.3 2.16 112.8 4.56 1.167939831 109.196515
20 0.05307 0.00174 0.01662 0.00033 0.11918 0.00395 0.00551 0.0001 331.7 72.86 106.2 2.07 114.3 3.59 0.601264078 107.6271186
21 0.07114 0.00254 0.01611 0.00033 0.15534 0.00571 0.00621 0.00013 961.5 71.25 103 2.12 146.6 5.02 0.875214001 142.3300971
22 0.05323 0.00186 0.01712 0.00034 0.12781 0.00458 0.00544 0.00011 338.4 77.37 109.5 2.17 122.1 4.12 1.010737592 111.5068493
23 0.04741 0.00233 0.01673 0.00037 0.10187 0.00515 0.00551 0.00012 69.4 113.32 107 2.35 98.5 4.75 0.659469171 92.05607477
24 0.07801 0.00354 0.01491 0.00035 0.16137 0.0077 0.00613 0.00018 1147.2 87.69 95.4 2.21 151.9 6.73 1.293153557 159.2243187
25 0.11563 0.00236 0.31107 0.0056 4.93827 0.10196 0.08737 0.00143 1889.7 36.21 1746 27.54 1808.8 17.43 6.677679057 108.2302405
26 0.06472 0.00349 0.02124 0.00052 0.19454 0.01145 0.00568 0.0002 765.1 109.65 135.5 3.29 180.5 9.74 1.117501032 133.2103321
27 0.09561 0.00235 0.20667 0.00393 2.78981 0.10872 0.064 0.00123 1540 45.51 1211.1 20.98 1352.8 29.13 1.511589301 127.1571299
28 0.07341 0.0036 0.01872 0.00045 0.1943 0.01031 0.00671 0.00017 1025.2 96.26 119.6 2.85 180.3 8.77 0.717001081 150.7525084
29 0.05239 0.00223 0.01922 0.00041 0.13446 0.006 0.00591 0.00014 302.6 94.42 122.7 2.6 128.1 5.37 0.906452975 104.400978
30 0.05334 0.00522 0.00939 0.00032 0.06702 0.00663 0.00355 0.00015 343.4 207.45 60.2 2.03 65.9 6.31 0.872867858 109.4684385
31 0.04782 0.00168 0.01689 0.00034 0.10841 0.00386 0.00553 0.00011 89.3 82.16 108 2.13 104.5 3.54 1.086752061 96.75925926
32 0.04721 0.00127 0.0165 0.00031 0.10579 0.00278 0.00531 0.00009 59.5 63.2 105.5 1.96 102.1 2.55 0.459855993 96.77725118
33 0.05181 0.00206 0.01867 0.00039 0.13444 0.00556 0.00589 0.00017 276.8 88.46 119.2 2.46 128.1 4.98 2.037546813 107.466443
34 0.1068 0.00223 0.25821 0.00469 3.72489 0.08872 0.08032 0.00132 1745.4 37.72 1480.7 24.05 1576.7 19.07 2.555728675 117.8766799
35 0.05271 0.00149 0.01916 0.00036 0.13896 0.00392 0.00587 0.00011 316.5 62.81 122.3 2.3 132.1 3.5 0.903131546 108.0130826
36 0.05791 0.00242 0.0172 0.00037 0.1388 0.00605 0.00574 0.00013 526.2 89.34 109.9 2.34 132 5.39 0.936177636 120.1091902
37 0.04897 0.00141 0.01736 0.00033 0.11677 0.00334 0.00594 0.00011 146.3 66.07 111 2.09 112.1 3.04 0.991453607 100.990991
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38 0.05044 0.00155 0.01677 0.00032 0.11701 0.0036 0.00557 0.0001 215.5 69.51 107.2 2.06 112.4 3.27 0.85109442 104.8507463
39 0.05544 0.00162 0.0155 0.0003 0.12403 0.00361 0.00529 0.00011 429.6 63.42 99.2 1.89 118.7 3.26 1.540951159 119.6572581
40 0.04964 0.00248 0.03357 0.00076 0.2622 0.01508 0.0109 0.00041 178.2 112.36 212.9 4.76 236.4 12.13 2.490402429 111.038046
41 0.06528 0.00141 0.10725 0.00196 0.97131 0.02185 0.03517 0.00055 783.5 44.73 656.8 11.39 689.1 11.25 0.626015711 104.9177832
42 0.05364 0.00191 0.03944 0.0008 0.28299 0.01129 0.01384 0.00031 355.7 78.23 249.4 4.96 253 8.94 1.285276887 101.4434643
43 0.16963 0.00348 0.27246 0.00495 6.26212 0.13989 0.1081 0.00169 2554 33.93 1553.3 25.09 2013.2 19.56 1.601157108 164.4241293
44 0.06742 0.00142 0.10275 0.00187 0.95773 0.01997 0.03481 0.00055 850.9 43.04 630.5 10.92 682.1 10.36 1.942189404 108.183981
45 0.10877 0.00357 0.21693 0.00472 3.00691 0.20131 0.08191 0.00241 1778.8 58.74 1265.6 25 1409.4 51.01 2.168435879 140.5499368
46 0.0492 0.00283 0.01851 0.00045 0.12759 0.00776 0.00586 0.00018 157.2 129.55 118.2 2.82 121.9 6.99 1.121547245 103.1302876
47 0.05635 0.00237 0.01914 0.00041 0.15017 0.00663 0.00558 0.00013 465.6 91.16 122.2 2.6 142.1 5.86 0.760323068 116.2847791
48 0.11713 0.0024 0.30564 0.00555 4.91004 0.10537 0.09343 0.00151 1912.9 36.28 1719.2 27.39 1804 18.1 3.801403038 111.2668683
49 0.15202 0.0046 0.36173 0.00802 7.38618 0.61741 0.11118 0.00322 2368.8 50.73 1990.4 37.98 2159.3 74.76 1.647165107 119.011254
50 0.0537 0.00163 0.01762 0.00034 0.13239 0.00407 0.00578 0.0001 358.4 67.11 112.6 2.17 126.2 3.65 0.677516523 112.0781528
51 0.05078 0.00158 0.01811 0.00035 0.12747 0.00403 0.0058 0.00011 230.9 70.44 115.7 2.23 121.8 3.63 1.020234599 105.2722558
52 0.04973 0.0016 0.01642 0.00032 0.11436 0.00372 0.00544 0.00011 182.3 73.31 105 2.04 109.9 3.39 1.081513363 104.6666667
53 0.08119 0.00254 0.01844 0.00037 0.21 0.00684 0.00692 0.00014 1226.2 60.15 117.8 2.36 193.6 5.74 1.052155416 164.3463497
54 0.04901 0.002 0.01008 0.00021 0.06801 0.00277 0.00338 0.00009 148.3 92.93 64.6 1.34 66.8 2.63 1.470351887 103.4055728
55 0.11621 0.00239 0.30684 0.00559 5.04314 0.11166 0.09135 0.00152 1898.7 36.46 1725.2 27.57 1826.6 18.76 4.982414459 110.056805
56 0.05076 0.00154 0.01971 0.00038 0.13743 0.00425 0.00606 0.00013 229.7 68.78 125.8 2.42 130.8 3.79 1.600168983 103.9745628
57 0.05013 0.00193 0.01657 0.00034 0.11898 0.00473 0.00555 0.00012 200.8 87.21 105.9 2.17 114.1 4.29 1.029602904 107.7431539
58 0.05043 0.0018 0.01602 0.00032 0.1111 0.00403 0.00545 0.00011 214.8 80.48 102.4 2.05 107 3.68 0.742443107 104.4921875
59 0.05299 0.00196 0.01809 0.00037 0.13156 0.00504 0.00613 0.00013 328.5 81.94 115.6 2.35 125.5 4.52 1.059649298 108.5640138
60 0.04933 0.00157 0.01757 0.00034 0.12001 0.00387 0.00604 0.00012 163.7 72.77 112.3 2.18 115.1 3.51 1.354805808 102.4933215
61 0.10411 0.00339 0.25385 0.00552 3.62102 0.25897 0.08492 0.00262 1698.6 58.89 1458.3 28.39 1554.2 56.9 2.2966899 116.4780909
62 0.05124 0.00175 0.01868 0.00037 0.13278 0.00466 0.00613 0.00012 251.8 76.67 119.3 2.36 126.6 4.18 0.716878504 106.1190277
63 0.04966 0.00201 0.01643 0.00034 0.1122 0.00468 0.00576 0.00013 179.3 91.77 105.1 2.19 108 4.27 0.956710849 102.7592769
64 0.05282 0.00265 0.01783 0.00041 0.13082 0.0069 0.00571 0.00015 321.1 109.76 114 2.61 124.8 6.2 0.83755193 109.4736842
65 0.05988 0.00504 0.01529 0.00049 0.12133 0.01073 0.00535 0.00018 599.3 172.5 97.8 3.1 116.3 9.71 0.543258534 118.9161554
66 0.04461 0.00206 0.01791 0.00039 0.11251 0.00541 0.00599 0.00014 0.1 32.35 114.4 2.46 108.3 4.94 0.823954581 94.66783217
67 0.04945 0.00201 0.01703 0.00036 0.1194 0.00502 0.00576 0.00013 169 92.23 108.9 2.27 114.5 4.56 0.920961903 105.1423324
68 0.04746 0.00327 0.01708 0.00045 0.1135 0.00824 0.00553 0.00016 71.8 156.88 109.2 2.86 109.2 7.51 0.637415144 100
69 0.10651 0.00225 0.28167 0.00519 4.06184 0.10481 0.08609 0.00144 1740.6 38.19 1599.8 26.12 1646.7 21.03 2.221274798 108.8011001
70 0.08103 0.00259 0.01721 0.00035 0.19921 0.00663 0.00584 0.0001 1222.3 61.41 110 2.23 184.5 5.61 0.41734708 167.7272727
71 0.06479 0.00193 0.1045 0.00207 0.89183 0.03554 0.03342 0.00077 767.6 61.58 640.7 12.08 647.3 19.08 1.959156727 101.0301233
72 0.04874 0.0025 0.01821 0.00042 0.12064 0.0065 0.00648 0.00017 135.3 116.43 116.4 2.66 115.7 5.89 0.97922745 99.39862543
73 0.05414 0.00341 0.01492 0.00039 0.11371 0.0075 0.00568 0.00018 376.5 135.7 95.4 2.47 109.4 6.83 0.976820305 114.6750524
74 0.05276 0.00156 0.03891 0.00076 0.28492 0.00916 0.01329 0.00026 318.4 65.87 246.1 4.69 254.6 7.24 1.408443485 103.4538805
75 0.0499 0.00147 0.01721 0.00033 0.11943 0.00355 0.00547 0.0001 190.4 67.25 110 2.11 114.6 3.22 0.741277672 104.1818182
76 0.06745 0.00151 0.10478 0.00195 0.96318 0.02368 0.03544 0.00059 851.6 45.83 642.4 11.35 684.9 12.25 1.390948416 106.6158157
77 0.05006 0.00283 0.01607 0.00039 0.10768 0.00634 0.00578 0.00013 197.8 126.22 102.7 2.47 103.8 5.81 0.511828427 101.0710808
78 0.11608 0.00237 0.29037 0.00531 4.64699 0.09648 0.08785 0.00139 1896.6 36.24 1643.4 26.55 1757.8 17.35 2.930452186 115.4070829
79 0.06397 0.00198 0.02025 0.0004 0.18273 0.00585 0.00592 0.00011 740.7 63.99 129.2 2.54 170.4 5.03 0.740510402 131.8885449
80 0.04759 0.00161 0.01775 0.00035 0.11892 0.00411 0.0059 0.00011 78.3 79.1 113.4 2.24 114.1 3.73 0.789877247 100.617284
81 0.06468 0.00399 0.02064 0.00055 0.18166 0.0122 0.00617 0.00021 764 125.03 131.7 3.5 169.5 10.49 0.839434313 128.7015945
82 0.05119 0.00167 0.01694 0.00034 0.12245 0.00408 0.00572 0.00012 249.6 73.41 108.3 2.14 117.3 3.69 1.142014473 108.3102493
83 0.0522 0.00123 0.0371 0.00069 0.2733 0.00651 0.01224 0.0002 294.3 52.85 234.8 4.3 245.3 5.19 0.595587807 104.471891
84 0.05025 0.00122 0.02517 0.00047 0.17421 0.00419 0.00824 0.00015 206.4 55.19 160.3 2.96 163.1 3.62 2.763459269 101.7467249
85 0.05059 0.00242 0.01661 0.00037 0.11795 0.00587 0.00589 0.00015 222.1 106.82 106.2 2.36 113.2 5.33 1.122450226 106.5913371
(continued on next page)
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e (continued )
Spot no. Isotope ratios Age estimates (Ma) U/Th Concentrate (%)
Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Pb207/Pb206 Pb206/U238 Pb207/U235
Ratio 1 s Ratio 1 s Ratio 1 s Ratio 1 s Age 1 s Age 1 s Age 1 s
86 0.16089 0.00328 0.34933 0.00641 7.96368 0.16811 0.10671 0.00177 2465.1 33.99 1931.4 30.63 2226.9 19.04 7.678431794 127.6328052
87 0.16825 0.00348 0.47046 0.00871 10.96178 0.29788 0.12913 0.00216 2540.3 34.31 2485.6 38.19 2519.9 25.29 2.266015049 102.2006759
88 0.04409 0.0018 0.01673 0.00035 0.10517 0.00443 0.00568 0.00012 0.1 0 106.9 2.22 101.5 4.07 0.859146711 94.94855005
89 0.05237 0.00153 0.01823 0.00035 0.13461 0.00397 0.00626 0.00012 301.8 64.96 116.4 2.24 128.2 3.56 1.045929613 110.137457
90 0.05333 0.00136 0.0455 0.00086 0.33627 0.00909 0.01513 0.00027 342.8 57.35 286.9 5.32 294.3 6.9 1.548005045 102.5792959
Sample 090414-24-D
1 0.19672 0.03319 0.01806 0.00128 0.51042 0.11236 0.01075 0.00077 2799.2 252.26 115.4 8.13 418.7 75.54 0.711281808 362.8249567
2 0.04925 0.00197 0.01774 0.00036 0.12184 0.00515 0.00598 0.00012 159.6 90.88 113.4 2.27 116.7 4.66 0.905518912 102.9100529
3 0.16661 0.00347 0.47252 0.00895 10.74912 0.33819 0.13532 0.00233 2523.8 34.52 2494.6 39.18 2501.7 29.23 2.183322716 101.1705283
4 0.05561 0.00722 0.01871 0.00065 0.14558 0.02088 0.0055 0.00025 436.5 266.04 119.5 4.13 138 18.51 0.716797742 115.4811715
5 0.05098 0.00294 0.01785 0.0004 0.12568 0.00781 0.006 0.00015 239.8 127.47 114 2.51 120.2 7.04 1.066714862 105.4385965
6 0.05538 0.00548 0.01734 0.0005 0.13115 0.01416 0.00632 0.00024 427.3 206.95 110.8 3.2 125.1 12.71 0.990746703 112.9061372
7 0.14322 0.00291 0.33095 0.00622 6.49348 0.14776 0.09864 0.00163 2266.4 34.67 1843 30.11 2045 20.02 3.061160965 122.9734129
8 0.0513 0.00193 0.02031 0.00041 0.14453 0.00582 0.00645 0.00014 254.4 84.31 129.6 2.57 137.1 5.16 1.541446718 105.787037
9 0.05135 0.00127 0.02014 0.00038 0.14294 0.00358 0.00643 0.00012 256.7 56 128.6 2.42 135.7 3.18 2.415968024 105.5209953
10 0.09748 0.00527 0.03878 0.00094 0.54861 0.03972 0.00643 0.00021 1576.4 97.95 245.2 5.83 444.1 26.04 0.702143828 181.1174551
11 0.04978 0.00227 0.02025 0.00042 0.13886 0.00683 0.00617 0.00013 184.6 102.84 129.3 2.66 132 6.09 0.710452796 102.0881671
12 0.05674 0.00624 0.01971 0.00062 0.14575 0.01773 0.00549 0.00017 480.9 226.8 125.8 3.94 138.2 15.71 0.358788077 109.8569157
13 0.04834 0.00265 0.01891 0.00041 0.13054 0.0077 0.00608 0.00013 115.8 124.28 120.8 2.59 124.6 6.91 0.780715203 103.1456954
14 0.05045 0.00342 0.01808 0.00042 0.12251 0.00894 0.00594 0.00013 215.6 149.72 115.5 2.68 117.3 8.09 0.422668907 101.5584416
15 0.0644 0.00139 0.12186 0.0023 1.09546 0.02603 0.03762 0.00061 754.8 44.97 741.2 13.22 751.2 12.61 0.803191676 101.3491635
16 0.04721 0.00188 0.01947 0.00039 0.12707 0.00537 0.00628 0.00012 59.2 92.77 124.3 2.48 121.5 4.83 0.668525044 97.74738536
17 0.16494 0.00333 0.47458 0.00892 10.62944 0.23164 0.1308 0.00212 2506.9 33.58 2503.6 38.99 2491.3 20.22 2.356381719 100.1318102
18 0.05717 0.00205 0.05801 0.00117 0.45545 0.02025 0.01728 0.00035 497.5 77.68 363.5 7.1 381.1 14.13 1.06959593 104.8418157
19 0.05273 0.00313 0.01857 0.00042 0.13385 0.00859 0.00582 0.00014 317 129.14 118.6 2.65 127.6 7.7 0.833140607 107.5885329
20 0.04885 0.00149 0.01889 0.00037 0.12779 0.00405 0.00594 0.00011 140.4 70.2 120.7 2.32 122.1 3.65 1.426394917 101.1599006
21 0.0476 0.00219 0.01937 0.0004 0.12467 0.00612 0.0059 0.00012 78.4 106.7 123.7 2.53 119.3 5.52 0.660866802 96.44300728
22 0.04861 0.00234 0.01881 0.00039 0.12703 0.00656 0.00594 0.00011 129.2 109.64 120.1 2.5 121.4 5.91 0.331550386 101.0824313
23 0.10918 0.00227 0.31921 0.00603 4.85205 0.1237 0.09234 0.00168 1785.8 37.4 1785.9 29.48 1794 21.46 7.797175551 99.99440058
24 0.05548 0.00252 0.01801 0.00038 0.13444 0.00655 0.00548 0.00011 431.3 97.95 115 2.4 128.1 5.86 0.629712226 111.3913043
25 0.1197 0.00243 0.34459 0.00649 5.70361 0.12177 0.11025 0.00179 1951.8 35.75 1908.7 31.09 1931.9 18.44 3.101126769 102.2580814
26 0.10123 0.00463 0.05577 0.00128 0.81464 0.05466 0.00849 0.00029 1646.8 82.46 349.8 7.8 605.1 30.59 1.055539678 172.9845626
27 0.16531 0.00335 0.48023 0.00905 11.00676 0.24841 0.13285 0.0022 2510.7 33.64 2528.3 39.4 2523.7 21.01 5.015713079 99.30388008
28 0.10392 0.00337 0.03007 0.00061 0.43004 0.01653 0.0068 0.00014 1695.3 58.69 191 3.84 363.2 11.74 0.810710807 190.1570681
29 0.07328 0.0018 0.12576 0.00242 1.30307 0.04257 0.03825 0.00068 1021.7 49.03 763.7 13.86 847.1 18.77 1.544523333 110.9205185
30 0.07797 0.00311 0.01247 0.00026 0.1338 0.00563 0.00446 0.00009 1146.2 77.3 79.9 1.66 127.5 5.04 0.882369843 159.5744681
31 0.052 0.00238 0.01929 0.0004 0.13988 0.0069 0.00636 0.00013 285.6 101.24 123.1 2.56 132.9 6.15 0.797836131 107.9610073
32 0.04792 0.0012 0.01982 0.00038 0.12891 0.00324 0.00611 0.0001 94.3 59.24 126.5 2.39 123.1 2.92 0.727176813 97.31225296
33 0.05494 0.00377 0.01772 0.00043 0.13173 0.00983 0.00558 0.00012 409.6 146.81 113.2 2.71 125.6 8.82 0.408364819 110.9540636
34 0.04789 0.00185 0.01809 0.00036 0.12078 0.00493 0.0059 0.00011 92.6 90.1 115.5 2.31 115.8 4.47 0.78447143 100.2597403
35 0.04967 0.00298 0.01703 0.00038 0.11375 0.00731 0.00585 0.00015 179.7 134.17 108.9 2.43 109.4 6.66 1.022392853 100.4591368
36 0.1301 0.00276 0.32944 0.00628 5.97054 0.18145 0.10102 0.00167 2099.3 36.78 1835.7 30.45 1971.6 26.43 1.258546765 114.3596448
37 0.05094 0.00195 0.02056 0.00041 0.14454 0.00591 0.00641 0.00012 238.2 85.91 131.2 2.62 137.1 5.24 0.880562975 104.4969512
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38 0.05593 0.00238 0.01895 0.00039 0.14256 0.00653 0.00639 0.00013 449.1 91.63 121 2.49 135.3 5.8 0.957797856 111.8181818
39 0.18201 0.00382 0.50211 0.00961 12.41881 0.4291 0.13451 0.00235 2671.3 34.29 2622.8 41.23 2636.6 32.47 2.371591739 101.8491688
40 0.08388 0.00348 0.02326 0.0005 0.26888 0.01281 0.0058 0.00014 1289.6 78.99 148.2 3.15 241.8 10.25 1.07155491 163.1578947
41 0.0541 0.00354 0.0198 0.00046 0.14063 0.00997 0.00584 0.00013 374.9 140.59 126.4 2.92 133.6 8.88 0.510559274 105.6962025
42 0.04764 0.00236 0.01864 0.00039 0.12576 0.00667 0.00591 0.0001 80.5 114.19 119 2.5 120.3 6.01 0.254139126 101.092437
43 0.05035 0.00168 0.01994 0.00039 0.1376 0.00483 0.00625 0.00011 211.3 75.52 127.3 2.49 130.9 4.31 0.943875774 102.8279654
44 0.06397 0.00142 0.12894 0.00245 1.13774 0.02873 0.0385 0.00065 740.6 46.11 781.8 14.01 771.4 13.65 2.102064423 98.66973651
45 0.05563 0.0036 0.02073 0.00049 0.15821 0.0113 0.00585 0.00017 437.4 138.11 132.3 3.09 149.1 9.9 1.049860715 112.6984127
46 0.0472 0.00207 0.01933 0.0004 0.12889 0.00606 0.00598 0.00012 58.8 102.02 123.4 2.52 123.1 5.45 0.755798495 99.75688817
47 0.04621 0.00187 0.01954 0.0004 0.12686 0.00546 0.00608 0.00012 8.6 94.69 124.8 2.5 121.3 4.92 0.889379131 97.19551282
48 0.04957 0.00225 0.01831 0.00038 0.12364 0.00599 0.00599 0.00012 174.7 102.58 117 2.42 118.4 5.41 0.894558383 101.1965812
49 0.04797 0.00284 0.01818 0.0004 0.12002 0.00762 0.00546 0.00013 96.9 135.53 116.1 2.56 115.1 6.91 0.903172539 99.13867356
50 0.05227 0.00266 0.01763 0.00038 0.12863 0.00705 0.00575 0.00013 297.2 112.18 112.6 2.41 122.9 6.34 1.000457266 109.1474245
51 0.1645 0.00336 0.48043 0.00911 11.00508 0.27497 0.13307 0.00217 2502.4 33.93 2529.2 39.69 2523.6 23.26 2.250145341 98.9403764
52 0.05414 0.00182 0.02015 0.0004 0.15088 0.00537 0.00607 0.00011 376.9 73.65 128.6 2.53 142.7 4.73 1.022402161 110.9642302
53 0.05231 0.00167 0.01911 0.00038 0.13745 0.00459 0.0062 0.00011 298.8 71.05 122 2.38 130.8 4.1 1.089752924 107.2131148
54 0.05473 0.00175 0.01212 0.00024 0.09116 0.00297 0.00396 0.00008 401.3 69.31 77.7 1.52 88.6 2.77 1.690608119 114.028314
55 0.04709 0.00255 0.01904 0.00041 0.12163 0.00708 0.00595 0.00013 53.4 124.93 121.6 2.62 116.5 6.41 0.668894844 95.80592105
56 0.05134 0.00554 0.01596 0.00048 0.11019 0.01279 0.00533 0.0002 256.2 230.08 102 3.05 106.1 11.7 0.849893567 104.0196078
57 0.04913 0.00503 0.01669 0.00048 0.11213 0.01239 0.00617 0.00021 153.9 223.62 106.7 3.06 107.9 11.31 0.825174937 101.1246485
58 0.04622 0.00198 0.01743 0.00036 0.11206 0.00508 0.00563 0.0001 9.3 100.1 111.4 2.27 107.8 4.64 0.347210235 96.76840215
59 0.1413 0.00298 0.41457 0.00794 7.97545 0.24954 0.11261 0.00191 2243.1 35.95 2235.8 36.16 2228.3 28.23 2.047160795 100.3265051
60 0.04863 0.00243 0.01936 0.00041 0.1333 0.00715 0.00584 0.00013 129.8 113.6 123.6 2.59 127.1 6.41 0.964803488 102.8317152
61 0.04709 0.00184 0.01873 0.00038 0.11999 0.00495 0.00577 0.00011 53.4 90.96 119.6 2.4 115.1 4.49 0.718219687 96.23745819
62 0.06503 0.00134 0.12825 0.00243 1.14401 0.0236 0.03846 0.00061 775.4 42.67 777.9 13.89 774.4 11.18 1.482191834 99.5500707
63 0.06155 0.00595 0.06722 0.00207 0.51872 0.06934 0.01712 0.00082 658.5 194.69 419.4 12.48 424.3 46.36 1.190294495 101.1683357
64 0.05049 0.00186 0.01207 0.00024 0.08368 0.00316 0.00391 0.00008 217.6 83.08 77.3 1.54 81.6 2.96 1.861007185 105.5627426
65 0.05184 0.00221 0.02073 0.00043 0.14781 0.00681 0.00642 0.00013 278.4 94.7 132.2 2.71 140 6.02 0.935812099 105.9001513
66 0.05167 0.00152 0.02053 0.0004 0.1417 0.00433 0.00645 0.00012 271 66 131 2.53 134.6 3.85 1.205302555 102.7480916
67 0.04976 0.00229 0.0182 0.00038 0.12497 0.00616 0.00576 0.00011 183.9 103.96 116.3 2.42 119.6 5.56 0.503174658 102.8374893
68 0.05594 0.00659 0.01592 0.00052 0.12521 0.01603 0.00551 0.00024 449.8 242.49 101.8 3.32 119.8 14.47 0.936176833 117.6817289
69 0.04807 0.00128 0.01984 0.00038 0.13061 0.00356 0.00627 0.00011 102.7 62 126.7 2.42 124.6 3.2 1.283390285 98.34254144
70 0.0466 0.00279 0.01988 0.00044 0.13049 0.00842 0.00614 0.00014 28.8 137.78 126.9 2.79 124.5 7.56 0.802415384 98.10874704
71 0.05317 0.00698 0.01822 0.00059 0.12491 0.01757 0.00611 0.00021 336.2 272.87 116.4 3.75 119.5 15.86 0.548936526 102.6632302
72 0.04931 0.00228 0.01917 0.0004 0.13162 0.00651 0.00627 0.00013 162.5 104.46 122.4 2.54 125.5 5.84 0.846600532 102.5326797
73 0.0499 0.0016 0.0196 0.00039 0.13189 0.00442 0.00625 0.00011 190.2 72.95 125.1 2.45 125.8 3.97 0.949013124 100.5595524
74 0.16303 0.00337 0.4636 0.00887 10.19787 0.28838 0.13267 0.00212 2487.4 34.41 2455.4 39.05 2452.9 26.15 0.784923081 101.30325
75 0.0542 0.00348 0.02031 0.00048 0.15485 0.01095 0.0064 0.00014 379.1 138.07 129.6 3.02 146.2 9.63 0.533762929 112.808642
76 0.05163 0.00211 0.01924 0.0004 0.13241 0.00579 0.0063 0.00014 269.1 91.19 122.8 2.5 126.3 5.19 1.66919771 102.8501629
77 0.06052 0.01274 0.02257 0.00122 0.16291 0.0384 0.00716 0.00045 622.2 398.89 143.9 7.67 153.2 33.53 0.578253411 106.4628214
78 0.16172 0.00328 0.46578 0.00886 10.33952 0.23009 0.12962 0.00205 2473.7 33.82 2465 38.96 2465.6 20.6 1.73168452 100.3529412
79 0.05686 0.00348 0.01722 0.0004 0.13215 0.00876 0.00552 0.00018 485.3 130.24 110.1 2.55 126 7.85 1.701686262 114.4414169
80 0.05105 0.00482 0.01759 0.00049 0.11808 0.01207 0.00542 0.00021 243 203.88 112.4 3.11 113.3 10.96 1.173747795 100.8007117
Sample 090414-25-D
1 0.04766 0.00197 0.01819 0.00037 0.11898 0.00522 0.00591 0.00012 81.5 96.32 116.2 2.33 114.1 4.74 0.896488353 98.19277108
2 0.04801 0.00149 0.01805 0.00035 0.11883 0.00382 0.00575 0.0001 98.6 73.07 115.3 2.21 114 3.47 0.923642001 98.8725065
3 0.09571 0.0022 0.07105 0.00135 0.94326 0.02492 0.01314 0.00028 1542.2 42.64 442.5 8.12 674.6 13.02 4.368551227 152.4519774
4 0.17027 0.00355 0.46474 0.00877 11.33709 0.35152 0.1308 0.00216 2560.3 34.51 2460.5 38.61 2551.3 28.93 1.364722922 104.0560862
(continued on next page)
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Spot no. Isotope ratios Age estimates (Ma) U/Th Concentrate (%)
Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Pb207/Pb206 Pb206/U238 Pb207/U235
Ratio 1 s Ratio 1 s Ratio 1 s Ratio 1 s Age 1 s Age 1 s Age 1 s
4 0.05545 0.00289 0.01949 0.00042 0.15062 0.00854 0.00577 0.00013 430.2 111.7 124.4 2.65 142.5 7.53 0.730770745 114.5498392
5 0.16605 0.00373 0.46516 0.00901 10.20918 0.48104 0.12722 0.0024 2518.2 37.24 2462.3 39.65 2453.9 43.58 1.918470192 102.2702351
6 0.05419 0.00314 0.01844 0.00041 0.13744 0.00863 0.00591 0.00015 378.8 124.85 117.8 2.61 130.8 7.7 0.97184697 111.0356537
7 0.11578 0.00245 0.33569 0.00633 5.36032 0.15387 0.09657 0.00158 1892 37.65 1865.9 30.54 1878.5 24.56 1.02904349 101.3987888
8 0.05724 0.00189 0.01974 0.00039 0.15658 0.00548 0.00651 0.00012 500.1 71.59 126 2.45 147.7 4.81 0.869304709 117.2222222
9 0.09095 0.00354 0.01944 0.00041 0.2407 0.01045 0.00777 0.00017 1445.5 72.41 124.1 2.58 219 8.55 1.085435524 176.4705882
10 0.05153 0.00138 0.04169 0.00079 0.30396 0.00883 0.01331 0.00024 264.6 60.2 263.3 4.92 269.5 6.87 2.14269442 102.3547284
11 0.04702 0.00309 0.01737 0.0004 0.11722 0.00827 0.00595 0.00015 50 150.12 111 2.51 112.5 7.51 0.858662577 101.3513514
12 0.0665 0.0015 0.12938 0.00244 1.18349 0.03133 0.03752 0.00061 822.3 46.42 784.3 13.92 792.9 14.57 0.781672343 101.0965192
13 0.051 0.00525 0.02582 0.00075 0.17557 0.02037 0.00748 0.00025 240.9 220.77 164.3 4.7 164.2 17.6 0.599538664 99.93913573
14 0.06968 0.00584 0.10515 0.00309 0.89198 0.11955 0.03732 0.00114 919.1 163.45 644.5 18.04 647.4 64.16 0.626143018 100.4499612
15 0.0477 0.00177 0.02261 0.00045 0.15282 0.00605 0.00698 0.00014 83.6 86.46 144.1 2.81 144.4 5.33 1.233704657 100.2081888
16 0.05114 0.00344 0.01783 0.00042 0.1242 0.00904 0.00569 0.00017 247.3 148.01 113.9 2.65 118.9 8.16 1.19175104 104.3898156
17 0.0485 0.00119 0.01905 0.00036 0.12892 0.00318 0.006 0.0001 123.8 56.97 121.7 2.27 123.1 2.86 1.297790618 101.1503698
18 0.11167 0.00234 0.32527 0.0061 5.01724 0.1339 0.09366 0.00157 1826.8 37.55 1815.4 29.69 1822.2 22.6 2.469031843 100.6279608
19 0.05434 0.00179 0.01882 0.00037 0.14251 0.00494 0.00634 0.00012 384.9 72.22 120.2 2.33 135.3 4.39 0.927047232 112.562396
20 0.0567 0.00155 0.02004 0.00038 0.15784 0.00447 0.0071 0.00013 479.2 59.56 127.9 2.42 148.8 3.92 1.966532278 116.3408913
21 0.05065 0.00648 0.01638 0.00055 0.11166 0.01539 0.00574 0.00025 224.8 270.99 104.8 3.46 107.5 14.06 0.930299719 102.5763359
22 0.05444 0.00778 0.0169 0.00063 0.12729 0.01984 0.00551 0.00031 389.2 292.52 108.1 3.98 121.7 17.87 1.078165664 112.5809436
23 0.06028 0.0021 0.01778 0.00035 0.14939 0.00552 0.00615 0.00012 613.8 73.57 113.6 2.23 141.4 4.88 0.946977406 124.471831
24 0.16494 0.00339 0.48531 0.00908 11.39825 0.30683 0.12934 0.0021 2507 34.17 2550.4 39.42 2556.3 25.13 1.16886536 98.29830615
25 0.05592 0.00211 0.01896 0.00038 0.14715 0.00593 0.006 0.00012 448.8 81.72 121.1 2.4 139.4 5.25 0.924296833 115.1114781
26 0.04633 0.00316 0.01754 0.0004 0.11614 0.00853 0.00568 0.00016 14.6 156.44 112.1 2.56 111.6 7.76 1.056583939 99.55396967
27 0.1663 0.00341 0.48762 0.00912 11.52815 0.30759 0.13664 0.00219 2520.7 34.09 2560.4 39.52 2566.9 24.93 0.755510941 98.44946102
28 0.07087 0.0016 0.12587 0.00237 1.25903 0.03384 0.0405 0.00067 953.6 45.57 764.2 13.56 827.5 15.21 1.315181885 108.2831719
29 0.17743 0.01103 0.02011 0.0006 0.51152 0.04105 0.01193 0.00037 2629 99.77 128.4 3.78 419.5 27.57 0.963853527 326.7133956
30 0.18244 0.00476 0.04409 0.00087 1.11797 0.03768 0.01852 0.00032 2675.2 42.51 278.1 5.38 762 18.07 0.544824482 274.0021575
31 0.10315 0.00227 0.08713 0.00164 1.23558 0.03063 0.02206 0.00041 1681.6 40.02 538.6 9.71 816.9 13.91 3.809260651 151.6709989
32 0.07675 0.00375 0.01614 0.00036 0.17681 0.00948 0.00571 0.00011 1114.7 94.5 103.2 2.26 165.3 8.18 0.411821181 160.1744186
33 0.04825 0.00243 0.01919 0.0004 0.13027 0.00702 0.00623 0.00014 111.4 114.73 122.5 2.53 124.3 6.31 0.990978988 101.4693878
34 0.05088 0.00287 0.01803 0.00039 0.12827 0.00779 0.0059 0.00013 235.3 125.11 115.2 2.49 122.5 7.01 0.715132278 106.3368056
35 0.0482 0.00163 0.01977 0.00038 0.13512 0.00479 0.00623 0.00011 108.9 77.81 126.2 2.43 128.7 4.29 0.862529198 101.9809826
36 0.04841 0.00254 0.02486 0.00053 0.16735 0.00973 0.00826 0.00024 119.3 119.4 158.3 3.33 157.1 8.46 2.081318735 99.24194567
37 0.04969 0.00137 0.01989 0.00038 0.13732 0.00387 0.00654 0.00011 180.4 62.96 127 2.39 130.7 3.46 1.324398377 102.9133858
38 0.1663 0.00348 0.46035 0.00865 10.83217 0.34604 0.13079 0.00222 2520.7 34.69 2441.1 38.17 2508.8 29.7 2.039281535 103.260825
39 0.05858 0.0024 0.01957 0.0004 0.16122 0.00717 0.00637 0.00016 551.4 87.11 124.9 2.52 151.8 6.27 1.974601127 121.5372298
40 0.04876 0.00161 0.01883 0.00037 0.12775 0.00441 0.00596 0.00011 136.2 75.81 120.2 2.31 122.1 3.97 0.821632878 101.5806988
42 0.04868 0.00189 0.01949 0.00039 0.13062 0.00538 0.00632 0.00013 132.4 88.84 124.4 2.45 124.7 4.83 1.158065184 100.2411576
43 0.11284 0.00231 0.32202 0.00599 5.05104 0.11628 0.10135 0.00168 1845.6 36.64 1799.6 29.19 1827.9 19.51 4.316027385 102.5561236
44 0.0512 0.00185 0.01877 0.00037 0.13208 0.00505 0.00596 0.00012 250 81.24 119.9 2.34 126 4.53 1.064851711 105.087573
45 0.05146 0.00522 0.01732 0.0005 0.12647 0.01395 0.00574 0.00019 261.4 216.98 110.7 3.14 120.9 12.58 0.732095207 109.2140921
46 0.04964 0.00181 0.01838 0.00036 0.12286 0.00472 0.00581 0.0001 178.1 83.05 117.4 2.29 117.7 4.27 0.630093669 100.2555366
47 0.11199 0.00231 0.31046 0.00577 4.8403 0.11483 0.08953 0.00151 1832 36.86 1743 28.4 1791.9 19.96 4.653818275 105.1061388
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48 0.05483 0.00249 0.05561 0.00116 0.42116 0.02426 0.01706 0.00041 405.4 98.15 348.9 7.1 356.9 17.33 1.32049217 102.2929206
49 0.05081 0.00481 0.02279 0.00063 0.15859 0.01679 0.00698 0.00025 232.3 204.81 145.2 3.98 149.5 14.72 0.913393694 102.9614325
50 0.05108 0.00231 0.01877 0.00039 0.13506 0.00656 0.00614 0.00013 244.6 100.86 119.9 2.45 128.6 5.87 1.069044887 107.2560467
51 0.05138 0.0012 0.03857 0.00072 0.27361 0.00655 0.01195 0.0002 258.1 52.88 244 4.47 245.6 5.22 1.469859804 100.6557377
52 0.05056 0.00226 0.01969 0.0004 0.13428 0.00645 0.00651 0.00013 221 100.31 125.7 2.55 127.9 5.77 0.842501171 101.7501989
53 0.05082 0.00229 0.0177 0.00036 0.123 0.00589 0.00561 0.00011 232.5 100.59 113.1 2.3 117.8 5.33 0.770830038 104.1556145
54 0.0454 0.00226 0.01721 0.00036 0.10925 0.00578 0.00572 0.00012 0.1 81.86 110 2.27 105.3 5.29 0.833776083 95.72727273
55 0.05533 0.00315 0.01745 0.00039 0.13205 0.00812 0.00586 0.00015 425.4 122.26 111.5 2.45 125.9 7.28 0.95823108 112.9147982
56 0.05204 0.00293 0.01785 0.00039 0.12321 0.00744 0.00576 0.00014 287.3 123.65 114.1 2.48 118 6.73 0.886995236 103.4180543
57 0.05038 0.00538 0.01659 0.00049 0.11498 0.01326 0.00548 0.00034 212.7 229.75 106.1 3.1 110.5 12.07 2.617549459 104.1470311
58 0.04875 0.00178 0.0222 0.00044 0.14856 0.0058 0.00718 0.0002 136.1 83.71 141.5 2.75 140.6 5.13 4.30388116 99.3639576
59 0.05446 0.00467 0.01528 0.00041 0.11432 0.01056 0.0051 0.00018 389.9 181.79 97.8 2.58 109.9 9.62 1.048364647 112.3721881
60 0.05927 0.00351 0.0149 0.00034 0.12186 0.00774 0.00502 0.00011 576.9 123.72 95.4 2.16 116.8 7.01 0.611920534 122.4318658
61 0.05428 0.00228 0.01788 0.00036 0.13592 0.0061 0.00571 0.00012 382.5 91.21 114.3 2.3 129.4 5.45 0.933754084 113.2108486
62 0.05029 0.00289 0.01741 0.00038 0.12218 0.00754 0.00567 0.00015 208.5 127.92 111.3 2.41 117.1 6.82 1.179004759 105.2111411
63 0.11387 0.00233 0.2859 0.00529 4.42493 0.0991 0.09 0.00153 1862 36.47 1621 26.53 1717 18.55 6.84737852 114.8673658
64 0.11064 0.003 0.02922 0.00057 0.45089 0.01384 0.00946 0.00018 1809.9 48.55 185.6 3.54 377.9 9.69 1.214051319 203.6099138
65 0.05366 0.00191 0.02121 0.00042 0.15775 0.00598 0.00668 0.00013 356.8 78.21 135.3 2.62 148.7 5.25 0.912813268 109.9039172
66 0.05004 0.00179 0.01812 0.00035 0.12485 0.00468 0.0057 0.0001 197 80.95 115.8 2.24 119.5 4.22 0.47163521 103.1951641
67 0.05125 0.00227 0.01901 0.00039 0.1334 0.00632 0.00602 0.00013 252.2 98.71 121.4 2.45 127.2 5.66 1.087097916 104.7775947
68 0.05299 0.00222 0.01804 0.00036 0.13489 0.00604 0.00606 0.00013 328.4 92.21 115.3 2.31 128.5 5.4 1.00671487 111.4483955
69 0.06613 0.00141 0.11762 0.00218 1.07818 0.02458 0.03651 0.0006 810.5 44.03 716.9 12.58 742.7 12.01 1.696107331 103.5988283
70 0.04776 0.00171 0.01958 0.00038 0.1325 0.005 0.00623 0.00011 86.4 83.64 125 2.42 126.3 4.49 0.713729545 101.04
71 0.16781 0.0034 0.45643 0.00843 10.59504 0.24206 0.12516 0.00202 2535.9 33.57 2423.8 37.32 2488.3 21.2 1.296647809 104.6249691
72 0.06563 0.00137 0.12269 0.00227 1.11928 0.02384 0.03816 0.00062 794.5 43.07 746 13.01 762.6 11.42 1.52012536 102.2252011
73 0.16349 0.00335 0.46346 0.0086 10.47419 0.28296 0.13775 0.00225 2492.1 34.13 2454.8 37.86 2477.6 25.04 1.334272942 101.5194721
74 0.05272 0.0023 0.02043 0.00042 0.14703 0.00693 0.00652 0.00014 316.6 96.34 130.4 2.63 139.3 6.14 1.127230383 106.8251534
75 0.05055 0.00134 0.02517 0.00047 0.17841 0.0049 0.00819 0.00014 220.1 60.43 160.3 2.98 166.7 4.22 0.972122961 103.992514
76 0.05244 0.00173 0.03433 0.00066 0.24887 0.00917 0.01145 0.00023 304.8 73.51 217.6 4.14 225.7 7.45 1.718967612 103.7224265
77 0.04629 0.00299 0.01941 0.00043 0.12647 0.00876 0.00622 0.00015 12.6 148.38 123.9 2.71 120.9 7.89 0.868465757 97.57869249
78 0.06457 0.00137 0.12309 0.00228 1.09252 0.02459 0.03666 0.00059 760.3 44.15 748.3 13.07 749.7 11.93 0.472245008 100.1870907
79 0.0489 0.00212 0.01964 0.0004 0.13348 0.0062 0.00685 0.00014 143.3 98.76 125.4 2.51 127.2 5.55 1.109575048 101.4354067
80 0.05378 0.00472 0.01755 0.00047 0.12083 0.0115 0.00624 0.00022 361.8 186.84 112.2 2.99 115.8 10.42 1.096759868 103.2085561
Sample 090415-D
1 0.10712 0.00255 0.26886 0.00524 3.84535 0.15262 0.0768 0.0016 1751 42.88 1535 26.6 1602.3 31.98 2.240192006 114.0716612
2 0.05162 0.00209 0.01601 0.00034 0.11428 0.00477 0.00515 0.00011 268.6 90.12 102.4 2.17 109.9 4.35 0.753239951 107.3242188
3 0.04892 0.00313 0.01821 0.00047 0.12222 0.00826 0.00554 0.00018 144.1 143.48 116.3 2.98 117.1 7.47 0.967823851 100.6878762
4 0.04156 0.00186 0.0173 0.00037 0.09546 0.0044 0.00531 0.00013 0.1 0 110.6 2.36 92.6 4.08 1.092754546 83.72513562
5 0.07269 0.00432 0.01932 0.00053 0.18038 0.0116 0.00741 0.00025 1005.2 116.26 123.4 3.33 168.4 9.98 1.053114881 136.4667747
6 0.04518 0.00251 0.01722 0.00041 0.10694 0.0062 0.00538 0.00015 0.1 82.95 110.1 2.59 103.2 5.69 0.875825737 93.73297003
7 0.0485 0.00188 0.01731 0.00036 0.11772 0.00471 0.00555 0.00012 123.8 88.64 110.6 2.3 113 4.28 0.840338008 102.1699819
8 0.0465 0.00205 0.01607 0.00035 0.10038 0.00457 0.00519 0.00011 23.8 102.79 102.8 2.22 97.1 4.22 0.70686215 94.45525292
9 0.04965 0.00223 0.0177 0.00039 0.1213 0.00568 0.0058 0.00014 178.4 101.3 113.1 2.47 116.2 5.14 0.995764535 102.7409372
10 0.05051 0.0018 0.02094 0.00043 0.14312 0.00531 0.00749 0.00015 218.5 80.32 133.6 2.71 135.8 4.71 1.053828622 101.6467066
14 0.05161 0.00115 0.03675 0.00069 0.26316 0.00581 0.0119 0.00019 268.1 50.31 232.6 4.27 237.2 4.67 1.56775061 101.977644
15 0.14796 0.00299 0.31027 0.00574 6.31744 0.12872 0.10764 0.00169 2322.4 34.3 1742 28.23 2020.9 17.86 4.173470332 133.3180253
16 0.06771 0.00253 0.05267 0.00113 0.45726 0.02078 0.01545 0.00047 859.8 75.55 330.9 6.95 382.3 14.48 2.008110785 115.5333938
17 0.08014 0.00284 0.0247 0.00053 0.26864 0.0104 0.00614 0.00016 1200.5 68.21 157.3 3.33 241.6 8.33 1.050394064 153.5918627
(continued on next page)
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Spot no. Isotope ratios Age estimates (Ma) U/Th Concentrate (%)
Pb207/Pb206 Pb206/U238 Pb207/U235 Pb208/Th232 Pb207/Pb206 Pb206/U238 Pb207/U235
Ratio 1 s Ratio 1 s Ratio 1 s Ratio 1 s Age 1 s Age 1 s Age 1 s
18 0.04949 0.00255 0.02033 0.00047 0.14166 0.00776 0.0064 0.00018 171.2 115.85 129.8 3 134.5 6.91 1.040112965 103.6209553
19 0.04091 0.00267 0.01655 0.00041 0.0909 0.00616 0.0054 0.00014 0.1 0 105.8 2.63 88.3 5.74 0.583949018 83.45935728
20 0.05665 0.00232 0.01953 0.00042 0.15751 0.00682 0.00637 0.00018 477.3 88.74 124.7 2.67 148.5 5.98 1.607542175 119.0858059
21 0.04923 0.002 0.01749 0.00037 0.11998 0.00505 0.00574 0.00013 158.7 92.26 111.8 2.35 115.1 4.58 1.106085456 102.9516995
22 0.04626 0.0039 0.01698 0.00051 0.10687 0.00947 0.00511 0.00022 11.3 191.23 108.5 3.21 103.1 8.69 1.039170604 95.02304147
23 0.04686 0.0029 0.0161 0.0004 0.10256 0.00662 0.00529 0.00016 41.7 142.12 103 2.56 99.1 6.1 1.002173505 96.21359223
24 0.05003 0.00157 0.01781 0.00035 0.12703 0.00405 0.00591 0.00011 196.5 71.19 113.8 2.23 121.4 3.65 1.000254101 106.6783831
25 0.04748 0.00209 0.01852 0.0004 0.11557 0.00528 0.00618 0.00016 72.7 101.98 118.3 2.54 111.1 4.81 1.375529642 93.91377853
26 0.04428 0.0033 0.01749 0.00048 0.11221 0.00884 0.00585 0.00019 0.1 77.99 111.8 3.05 108 8.07 0.800230662 96.60107335
27 0.14007 0.00327 0.04141 0.0008 0.79914 0.02038 0.02565 0.00045 2228 39.88 261.6 4.93 596.3 11.5 1.715226291 227.9434251
28 0.05165 0.00196 0.01765 0.00037 0.1273 0.005 0.00639 0.00014 269.9 84.67 112.8 2.33 121.7 4.5 1.199944491 107.8900709
29 0.04829 0.00193 0.01746 0.00037 0.11696 0.00484 0.00584 0.00012 113.4 91.82 111.6 2.33 112.3 4.4 0.68611359 100.6272401
30 0.05529 0.00164 0.01832 0.00036 0.14011 0.00422 0.00627 0.00012 423.9 64.44 117 2.28 133.1 3.76 1.250939521 113.7606838
31 0.04974 0.00139 0.01659 0.00032 0.10978 0.00305 0.00552 0.00009 182.9 63.7 106.1 2.03 105.8 2.79 0.379423992 99.71724788
32 0.10465 0.00243 0.26664 0.00511 3.97741 0.14896 0.07736 0.00153 1708.2 42.11 1523.7 25.99 1629.6 30.39 2.185624171 112.1086828
33 0.0523 0.00125 0.04679 0.00088 0.33105 0.0082 0.0153 0.00026 298.4 53.7 294.8 5.42 290.4 6.26 1.297691506 98.50746269
34 0.04939 0.0015 0.01669 0.00033 0.11484 0.00352 0.00553 0.0001 166.5 69.54 106.7 2.07 110.4 3.21 0.683066686 103.4676664
35 0.05126 0.00249 0.01708 0.00039 0.12294 0.00627 0.00553 0.00013 252.7 108.13 109.2 2.47 117.7 5.67 0.650111511 107.7838828
36 0.06649 0.00788 0.01555 0.00067 0.14639 0.01851 0.00634 0.00028 821.9 229.7 99.5 4.27 138.7 16.4 0.556381142 139.3969849
37 0.06265 0.00215 0.06229 0.00129 0.53092 0.02259 0.03104 0.00074 696.3 71.43 389.5 7.81 432.4 14.98 2.233060103 111.0141207
38 0.05085 0.00172 0.01688 0.00034 0.11913 0.00412 0.00554 0.00011 233.9 76.33 107.9 2.15 114.3 3.74 0.763208305 105.931418
39 0.05171 0.002 0.0177 0.00037 0.12396 0.00497 0.00602 0.00012 272.6 86.35 113.1 2.35 118.7 4.49 0.695992836 104.9513705
40 0.1621 0.0034 0.44957 0.0084 10.38087 0.32303 0.13413 0.00216 2477.6 34.97 2393.3 37.34 2469.3 28.82 0.89303375 103.5223332
41 0.05231 0.00144 0.02003 0.00038 0.14127 0.0039 0.00667 0.00014 299.1 61.41 127.9 2.43 134.2 3.47 2.18883861 104.9257232
42 0.1138 0.00232 0.32276 0.00593 4.99298 0.10617 0.09561 0.00157 1860.9 36.38 1803.2 28.92 1818.1 17.99 5.493747787 103.1998669
43 0.05508 0.00168 0.0185 0.00036 0.14154 0.00438 0.00623 0.00012 415.5 65.99 118.2 2.3 134.4 3.9 1.154515594 113.7055838
44 0.05225 0.00142 0.0193 0.00037 0.13906 0.00377 0.00588 0.0001 296.6 60.54 123.2 2.34 132.2 3.36 0.680243336 107.3051948
45 0.05278 0.00309 0.0181 0.00045 0.12803 0.00792 0.00589 0.00017 319.2 127.62 115.7 2.85 122.3 7.13 0.854719069 105.704408
46 0.05215 0.00218 0.01674 0.00036 0.12041 0.00522 0.00588 0.00014 292.1 92.67 107 2.28 115.4 4.73 1.075007696 107.8504673
47 0.05189 0.00157 0.01919 0.00038 0.13753 0.00424 0.00618 0.00011 280.7 67.94 122.6 2.38 130.8 3.79 0.830856514 106.6884176
48 0.05083 0.00112 0.03876 0.00072 0.27523 0.00596 0.01237 0.0002 233 50.27 245.2 4.45 246.9 4.75 1.414207288 100.6933116
49 0.05075 0.002 0.01785 0.00037 0.12732 0.0052 0.00612 0.00013 229.5 88.45 114.1 2.37 121.7 4.69 0.876178419 106.6608238
50 0.04642 0.0021 0.01732 0.00038 0.1101 0.00517 0.0055 0.00014 19.7 105.39 110.7 2.39 106.1 4.73 1.03213469 95.84462511
51 0.05235 0.00268 0.01621 0.00038 0.11723 0.00626 0.0061 0.00016 300.8 112.58 103.7 2.4 112.6 5.69 0.983270343 108.5824494
52 0.04772 0.00252 0.01846 0.00043 0.11757 0.00653 0.00611 0.00016 84.3 121.77 117.9 2.73 112.9 5.93 0.846523741 95.7591179
53 0.05058 0.00215 0.01788 0.00038 0.11841 0.00521 0.00601 0.00013 221.9 95.34 114.3 2.43 113.6 4.73 0.712913323 99.38757655
54 0.04869 0.00128 0.01716 0.00033 0.11539 0.00299 0.00568 0.00009 133.1 60.72 109.7 2.06 110.9 2.72 0.431177179 101.0938924
55 0.05307 0.00241 0.01654 0.00037 0.11983 0.00566 0.00567 0.00015 331.7 99.68 105.7 2.33 114.9 5.13 1.108978187 108.7038789
56 0.05079 0.00254 0.0097 0.00022 0.06747 0.00339 0.00365 0.00011 231.1 111.49 62.2 1.42 66.3 3.22 1.437531227 106.5916399
57 0.13419 0.00293 0.2296 0.0043 4.00926 0.11866 0.09056 0.00175 2153.6 37.57 1332.4 22.55 1636.1 24.05 4.05518298 161.6331432
58 0.16533 0.00334 0.45062 0.00823 10.22143 0.19806 0.13213 0.00204 2510.9 33.54 2398 36.55 2455 17.92 3.149761471 104.7080901
59 0.0524 0.00195 0.02017 0.00042 0.14804 0.00576 0.00609 0.00014 302.7 82.58 128.7 2.63 140.2 5.09 1.230913277 108.9355089
60 0.04966 0.00186 0.01802 0.00037 0.1278 0.00495 0.00599 0.00013 179 85.05 115.1 2.35 122.1 4.46 0.962972282 106.0816681
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61 0.05766 0.00197 0.01754 0.00036 0.13959 0.00489 0.00609 0.00012 516.7 73.5 112.1 2.25 132.7 4.36 0.976838528 118.3764496
62 0.04927 0.00164 0.01823 0.00036 0.12516 0.00425 0.00608 0.00012 160.7 76.02 116.5 2.29 119.7 3.83 1.066970301 102.7467811
63 0.05277 0.00257 0.02151 0.00049 0.15606 0.00812 0.00682 0.0002 318.8 106.75 137.2 3.09 147.2 7.13 1.239278811 107.2886297
64 0.05316 0.00335 0.01586 0.00041 0.12747 0.00852 0.00557 0.00018 335.5 136.28 101.4 2.62 121.8 7.67 0.996943938 120.1183432
65 0.05338 0.00449 0.01699 0.00052 0.12854 0.01148 0.0059 0.00025 345.1 179.49 108.6 3.33 122.8 10.33 1.052071823 113.0755064
66 0.04789 0.00292 0.01788 0.00044 0.11467 0.00736 0.00514 0.00013 92.6 139.56 114.3 2.82 110.2 6.71 0.53772091 96.41294838
67 0.04842 0.00151 0.0182 0.00036 0.12232 0.00385 0.00576 0.00011 119.7 71.68 116.3 2.25 117.2 3.48 0.930067906 100.7738607
68 0.04757 0.00187 0.01526 0.00032 0.10406 0.00417 0.00527 0.0001 76.9 91.35 97.7 2.01 100.5 3.84 0.554947884 102.8659161
69 0.05002 0.00273 0.01603 0.00038 0.11014 0.00627 0.00539 0.00015 196 122.2 102.5 2.41 106.1 5.73 0.886604207 103.5121951
70 0.04917 0.00186 0.01642 0.00034 0.11149 0.00432 0.00593 0.00012 155.8 86.25 105 2.14 107.3 3.94 0.838310279 102.1904762
71 0.05446 0.00113 0.05283 0.00096 0.39759 0.00773 0.01798 0.0003 390.1 45.52 331.9 5.9 339.9 5.62 8.090152275 102.4103646
72 0.05583 0.00161 0.01849 0.00036 0.14479 0.00419 0.00647 0.00011 445.5 62.6 118.1 2.26 137.3 3.72 0.629957419 116.257409
73 0.05174 0.0031 0.0165 0.00041 0.11808 0.00743 0.00552 0.00017 273.8 131.81 105.5 2.61 113.3 6.74 0.908868998 107.3933649
74 0.04882 0.00129 0.02009 0.00038 0.13424 0.00352 0.00647 0.00012 139.2 61.05 128.2 2.4 127.9 3.15 1.937841337 99.76599064
75 0.04932 0.00198 0.01824 0.00038 0.12466 0.00518 0.00668 0.00013 163.1 91.05 116.5 2.41 119.3 4.67 0.690039235 102.4034335
76 0.04953 0.00187 0.01912 0.00039 0.12654 0.00494 0.00595 0.00013 173.1 85.88 122.1 2.49 121 4.46 1.072397033 99.0990991
77 0.04929 0.00277 0.01668 0.0004 0.11268 0.00661 0.0055 0.00013 161.5 126.36 106.6 2.52 108.4 6.03 0.554766054 101.6885553
78 0.05546 0.00418 0.01699 0.00049 0.12451 0.00991 0.00554 0.0002 430.5 159.84 108.6 3.13 119.2 8.94 0.771306821 109.7605893
79 0.17057 0.00363 0.52748 0.00984 12.4538 0.45333 0.18362 0.00309 2563.2 35.18 2730.8 41.51 2639.2 34.21 1.372709373 93.86260437
80 0.05666 0.00327 0.01997 0.0005 0.15543 0.00966 0.00639 0.0002 477.5 123.54 127.5 3.17 146.7 8.49 0.965891368 115.0588235
81 0.04877 0.00177 0.01649 0.00033 0.10824 0.00399 0.00559 0.00011 136.6 83 105.4 2.12 104.4 3.66 0.866245129 99.0512334
82 0.04773 0.00171 0.01801 0.00036 0.11682 0.00427 0.00614 0.00012 85.1 83.61 115 2.29 112.2 3.88 0.903376687 97.56521739
83 0.05248 0.00265 0.01671 0.00039 0.11621 0.00611 0.00564 0.00014 306.3 111.04 106.9 2.44 111.6 5.56 0.749184245 104.3966324
84 0.05648 0.00268 0.05228 0.0012 0.45851 0.02766 0.01795 0.00061 470.4 102.53 328.5 7.32 383.2 19.26 1.944691718 116.651446
85 0.05983 0.0054 0.02049 0.0007 0.16472 0.01622 0.00678 0.00041 597.3 184.36 130.7 4.4 154.8 14.14 1.642995472 118.4391737
86 0.0506 0.00203 0.0172 0.00036 0.1164 0.00481 0.00575 0.00013 222.5 90.19 109.9 2.28 111.8 4.37 1.056730979 101.7288444
87 0.04941 0.00219 0.01718 0.00037 0.11551 0.00531 0.00607 0.00014 167.3 100.48 109.8 2.36 111 4.84 0.998489879 101.0928962
88 0.10165 0.00295 0.23651 0.00484 3.44076 0.20063 0.07614 0.00188 1654.4 52.78 1368.5 25.24 1513.8 45.87 1.800345321 120.891487
89 0.12562 0.00261 0.31325 0.00572 5.60925 0.13732 0.09392 0.00149 2037.5 36.28 1756.7 28.09 1917.5 21.1 1.093673788 115.9845164
90 0.05939 0.00202 0.01714 0.00035 0.13541 0.00471 0.00566 0.00011 581.6 72.34 109.5 2.19 128.9 4.21 0.64524474 117.716895
91 0.05588 0.00394 0.01853 0.00052 0.13202 0.0099 0.00613 0.00024 447.4 149.79 118.4 3.29 125.9 8.88 1.089113902 106.3344595
92 0.04877 0.00193 0.01811 0.00037 0.1181 0.00481 0.00654 0.00015 136.8 90.26 115.7 2.37 113.4 4.37 1.126892007 98.01210026
93 0.05443 0.00162 0.01715 0.00033 0.12753 0.0038 0.0058 0.00011 388.8 65.12 109.6 2.1 121.9 3.42 0.804645068 111.2226277
94 0.0485 0.00149 0.01718 0.00033 0.11431 0.00351 0.00577 0.0001 123.8 70.6 109.8 2.1 109.9 3.2 0.797899965 100.0910747
95 0.05485 0.00336 0.01755 0.00044 0.13578 0.0088 0.0057 0.00014 406.1 130.82 112.2 2.81 129.3 7.87 0.424345424 115.2406417
96 0.05165 0.00183 0.02956 0.0006 0.20982 0.00798 0.01052 0.00024 270 79 187.8 3.73 193.4 6.7 1.523499551 102.9818956
97 0.04601 0.00228 0.01763 0.00039 0.11122 0.00575 0.00592 0.00014 0.1 113.22 112.7 2.49 107.1 5.25 0.766112564 95.0310559
98 0.05137 0.00337 0.01642 0.00043 0.11377 0.00783 0.00583 0.00018 257.6 144.15 105 2.72 109.4 7.14 0.906107494 104.1904762
99 0.06428 0.0015 0.10902 0.00202 0.95527 0.02553 0.03542 0.00062 750.7 48.57 667.1 11.73 680.8 13.26 1.738361338 102.0536651
100 0.05509 0.00408 0.01856 0.00053 0.14044 0.0111 0.00621 0.00024 415.8 157.52 118.6 3.35 133.4 9.89 0.988704995 112.4789207
101 0.1463 0.00298 0.40594 0.00735 8.12864 0.17613 0.1236 0.00194 2303.1 34.63 2196.3 33.71 2245.4 19.59 1.575828069 104.8627237
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